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MICROSTRUCTURE AND WEAR OF 
ALUMINIUM-SILICON ALLOY-GRAPHITE COMPOSITES 

SYNOPSIS 


The casting characteristics of aluminium can be improved to a great extent 
by the addition of silicon. Such an improvement is imparted by the presence 
of relatively large volume fraction of Al-Si eutectic in the melt. Besides this, 
Al-Si alloys possess a combination of desirable properties such as high strength 
to weight ratio, good corrosion resistance and bearing properties and low coeffi- 
cient of thermal expansion, making them useful in the manufacture of automobile 
components such as pistons and cylinder liners in internal combustion engines. 
However, these alloys are prone to seizure, particularly under poor lubricating 
conditions, when there is insufficient oil supply between the sliding surfaces; 
this can also occur under fluid film lubricating condit.ions due to localised 
breakdown of the oil film, thereby causing direct metal to metal contact between 
the tribo-components. One way of minimizing this problem is to disperse solid 
lubricant particles, such as graphite, in the Al-Si alloy matrix. 

Graphite has a hexagonal structure. The carbon atoms in the basal plane form 
strong covalent bonds while the bond between the layers is relatively weak 
(van der wall's) so that the basal planes are sheared easily. This contributes 
to smearing on the sliding surfaces thereby providing lubrication. It is clear 
from the material presented in the previous paragraph that the study of the 
wear behaviour of Al-Si alloy containing silicon with various morphologies and 
with graphite dispersion would be of great interest. In the recent years, several 
attempts have been made to synthesise aluminium alloy-graphite particle compo- 
sites using solidification processing techniques. The steps involved in the syn- 
thesis are as follows: melting the alloy, creating a vortex by mechanical 
stirring, addition of preheated graphite particles during stirring and casting 
the composite melt into a metallic mold. 
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The three Al-Si alloys chosen for the present investigation are: LM6 (Al-10 

to 13%Si-0.6%Fe-0.1%Cu-0.5%Mn*) and LM13 (Al-11 to 1 3%Si-1 .2%Fe-1 .5%Cu-0.35% 
Mn-1.3%Mg) of near eutectic composition and LM30 {Al-16 to 1 8%Si-1 .3%Fe-4.5% 
Cu-0. 1%Mn-0.45 to 0.65%Mg) of hypereutectic composition. The composites 
contain 3.0 wt.% graphite particles dispersed in the alloys. Both the alloy 
and composite melts are solidified in a cast iron mold. In view of the diffe- 
rences in density between Al-Si alloy (2.699 gm/cc) and graphite (2.3 gm/cc) , 
it is expected that the latter would float and be concentrated in the upper 
regions of the casting, thereby leading to a heterogeneous distribution. Also 
during the solidification of the molten alloys, the dendrites of primary alumi- 
nium are expected to push the graphite particles into the last freezing 
eutectic liquid thereby giving rise to non-uniform distribution. The thermal 

conductivity of graphite is roughly one half of that of the matrix. As such 
the microstructure of the aluminium-silicon alloys near the graphite particle 
is expected to be different from that in a region well away from the 

particles. All these facts imply that a careful microstructural examination 
of various regions of the casting is necessary. This aspect has received 
considerable attention in this thesis. 

The effect of die casting, modification, refinement and modification and heat 
treatment (essentially to spheroidise silicon) and graphite particle dispersion 
on dry and partially lubricated wear behaviour of the alloys is studied 
in detail paying particular attention to the following aspects: load dependence 
of wear rate, friction force, temperature of the wear sample during sliding, 
examination of worn surfaces, debris analysis, subsurface deformation and 

pressure-velocity (P-V limits) only in partially lubricated condition. The 
conventional way of rating the performance of a material for bearing applica- 
tion is in terms of its P-V limits i.e. , the maximum allowable bearing pre- 
ssure (P) at a particular speed (V). 

Chapter 1 of this thesis deals with a brief introduction to the development 
of aluminium alloys, particularly the cast ones. The effect of various alloying 
elements e.g., copper, nickel, magnesium, manganese, zinc, iron, on the 


*Compositions are given in weight% unless otherwise stated. 
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properties of Al-Si alloys is briefly mentioned; typical applications of these 
alloys are listed. A brief introduction to aluminium alloy matrix-fibre compo- 
sites is given. Finally, the present status of the aluminium alloy matrix- 
particle composites with special reference to aluminium-graphite composite 
is outlined . 

Chapter 2 contains the background literature based on the subject matter 
related to the present investigation. The binary Al-Si equilibrium diagram 
is discussed and the possible microstructures are described. The effect of 
rapid cooling, modification and high pressure application on the phase diagram 
are also outlined. Since the commercial alloy contains iron, copper, nickel, 
magnesium etc., a number of intermetallic compounds are expected to form. 
The details of these intermetallic compounds are included in this chapter. 
A detailed account of the preparation of aluminium alloy-graphite particle 
composites, interaction between particles and growing phases, microstructure, 
physical and mechanical properties of the composites is given. The wear 
behaviour of the Al-Si alloy and aluminium-graphite composites is discussed 
with particular reference to load, silicon content, sliding distance dependence 
of wear rate, studies of worn surfaces, examination of debris particles, 
heat treatment and sub-surface deformation. 

Chapter 3 deals with the scope of the present work. 

Chapter 4 deals with a description of the melting procedure, preparation 
of composites and rapidly solidified ribbons, heat treatment of the alloys 
and composites. The details of the techniques used in the present investi- 
gation to characterise the materials are given. The results of the micro- 
structures of Al-Si alloys and Al-Si-graphite particle composites in various 
conditions e.g., die cast, modified, refined and modified, heat treated, 
and their effect on dry and partially lubricated sliding wear behaviour is 
presented in chapter 5 and discussed in chapter 6. Some of the important 
results are briefly summarised in the following paragraphs. 

The microstructure of the die cast hypoeutectic Al-Si alloys (LM6 and LM13) 
consists of primary aluminium with dendritic morphology; the secondary arms 
of the dendrites have an average spacing (i.e., centre to centre distance 
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between two neighbouring dendrites) of the order of 18 ^m. Plate-shaped 
eutectic silicon appears in the interdendritic region and around the dendrites - 
Typical dimensions of the silicon plates are 14 |um long and 2 jum wide. 
Such sharp edged plate-shaped eutectic silicon particles act as stress riser 
and offer preferential sites for crack nucleation. To restrict the undesirable 
growth of eutectic silicon it is proposed to add modifier to Al-Si alloy melt 
just before pouring. Elemental sodium was used to modify the eutectic silicon 
in hypoeutectic Al-Si alloys. The average dimensions of the modified eutectic 
silicon in die cast LM6 alloy are 3.5 jum long and 1 |um wide. In the hyper- 
eutectic alloy, the microstructure consists mainly of primary silicon, primary 
aluminium and eutectic Al-Si phases. The large cuboids of primary silicon 
and plate-shaped eutectic silicon are refined and modified respectively by 
the simultaneous addition of phsophorus and sodium to LM30 alloy. For 
instance, by the addition of phosphorus in LM30 alloy, the average size 
of primary silicon was reduced from 100 jum in die cast (unrefined) condition 
to 50 jum in refined condition. Al-Si (LM6 and LM13 alloys are subjected 
to heat treatment following standard cycles: solution treated at 520°C for 
8 hours quenched in warm water at 60°C followed by ageing at 180°C for 
6 hours, whereas, LM30 alloy is solution treated at 495°C for 9 hours, 
quenched in warm water at 60°C and aged at 175°C for 8 hours. Solution 

treatment alters the silicon morphology from plate-shaped to near spherical 
and also increases the silicon solubility in aluminium solid solution. During 
ageing treatment, fine precipitates are expected to form; however, they could 
not be identified by scanning electron microscopy in the present investigation. 
An attempt has also been made to study the distribution of graphite particle 
in cast-composites. This is represented in terms of % frequency of inter- 

particle spacing and particle size. 

The observed microstructure is explained with the help of a model. Model 
experiments show that when a hypoeutectic Al-Si alloy solidified between 
the two graphite particles, the primary aluminium which is the first phase 
to solidify, avoids graphite particle and preferentially nucleates between 

the particles. If the spacing between the two graphite particles is very 

small then the excess silicon i.e., more than the equilibrium solid solubility, 
will be rejected by the aluminium and is concentrated around the graphite 
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particles. On the other hand, if a particle is pushed into the last freezing 
eutectic liquid then the structure around the particle will be simple Al-Si 
eutectic. It is seen in some instances that graphite particles act as physi- 
cal barrier to the anisotropic growth of the eutectic silicon. In the hyper- 
eutectic Al-Si alloy (LM30), the first phase to solidify is primary silicion; 
it nucleates preferentially on the surface of the dispersed graphite particles 
as large cuboids. It is also interesting to note that the primary aluminium 
halos around the primary silicon are absent in the graphite containing compo- 
sites. The results also show that the microstructure of die cast Al-Si alloys 
is not significantly affected by the addition of graphite particles. However, 
a marked change in the microstructure is observed around the graphite parti- 
cles in rapidly solidified Al-Si-graphite composites. It is noted that the 
morphology of silicon is found to change from plate like near graphite parti- 
cles to nearly spherical in regions well away from the particles. 

The results of dry sliding wear tests show an increase in the wear rate 
as the pressure is increased. Die cast LM30 alloy is found to be superior 
to LM6 and LM13 alloys. Two distinct regions could be observed in the wear 
rate versus pressure curves; the mild wear regime occurring at lower pre- 
ssures and the severe wear regime at higher pressures. The onset of severe 
wear regime in the case of LM6 and LM13 alloys is around 1.5 MPa; however, 
this region is not observed in the LM30 alloy upto a pressure of 4 MPa. 
Wear debris collected from samples tested under low pressure (1.0 MPa) 
is characterised by small equiaxed particles (less than 6 jum in size) compared 
to the large flaky particles found at higher pressures. Wavelength dispersive 
X-ray analysis confirms that the small equiaxed particles are mainly of alumi- 
nium. 

The wear rates of die cast LM6 and LM13 alloys are found to be higher 
than those of the same alloys subjected to modification, heat treatment and 
dispersion of graphite particles. The least amount of wear is observed in 
heat treated alloy-graphite composites. However, a different behaviour is 
observed in die cast LM30-graphite composites. It is noted that graphite 
particle dispersion in LM30 alloy resulted in increased wear rates at higher 
applied pressure both in die cast and refined and modified conditions. As 
with Other alloys the optimum result was obtained for the composite in heat 
treated condition. Although the pressure at which seizure occured is the 
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same for all the conditions of the LM30 alloys, the wear rate of the heat 

treated composite is found to be much less than that of the other samples. 
The temperature of the wear sample is noted during the test and the results 
show that there is a direct relationship between the time— temperature plots 

and wear rates versus applied pressure plots. For instance, at an applied 

pressure of 2.0 MPa the temperature of LM6 pin rose to 140°C, whereas 

the temperature of the heat treated composite at 2.0 MPa rose to only 70°C. 
Similarly, in the case of the die cast LM13 alloy the temperature of the 
pin rose to 140°C at an applied pressure of 2.0 MPa; in contrast the tempe- 
rature of the composite specimen in heat treated condition rose to only 90°C 

at the same pressure. .Similar trends are also observed in LM30 alloys. 

The worn surfaces of Al-Si alloys and composites are examined with a view 

to understanding the mechanism of material removal. At low load region i.e., 
at mild wear the worn surface contains groove marks, and fine equiaxed 
particles. However, in regimes subjected to severe wear , the worn surface 
is characterised by long and continuous grooves running from one end of 

the specimen to the other. The observation of a large number of flaky debris 
particles under these conditions suggests that delamination is the predominant 
wear mechanism. However, material removal by stick-slip wear mechanism 

is also confirmed . 

The transfer of iron from steel disc to Al-Si alloy wear pin is also found. 
In some cases parallel lips are seen along the wear scar in LM6 and 
LM1 3-graphite composites. The presence of a significant number of large 
faceted silicon wear debris particles suggests the fracture and subsequent 
removal of silicon from the mating surface. When delamination is the operating 
wear mechanism, tensile strength and ductility of the material control the 
crack propagation and the overall wear behaviour. The dispersion of graphite 
particles would reduce the tensile strength of composites. The tensile 
strength of the LM13 alloy in die cast condition is measured to be 200 MPa; 
this was reduced to 180 MPa by the addition of 3% graphite particles. The 
corresponding values for the LM30 alloy are 140 and 90 MPa respectively. 
The loss in strength will offset the positive effect of dispersed solid lubri- 
cant. The stress concentration effect associated with sharp edged silicon 
particles can be reduced by changing the morphology either by modification 
or heat treatment. X-ray diffraction and electron microprobe analysis of 
flake-shaped debris particles show that they consist mainly of aluminium 
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and silicon. Subsurface studies of the worn alloys and composites show a 
significant amount of fragmentation of the eutectic and primary silicon parti- 
cles. The results of pressure-velocity limits show that the load bearing 
capacity of a particular alloy or composite: is decreased as the sliding 
speed increased. LM30 alloy shows better load bearing capacity at low 
speeds; however, at higher speed its performance is inferior to that of 

LM13 alloy but still superior to that of LM6 alloy. The optimum wear proper- 
ties are observed in the case of heat treated composites. 

Results of the present study show that under both dry and partially lubri- 
cated conditions optimum wear properties were observed in the case of heat 
treated composites. It is interesting to note that the worn surfaces of heat 
treated composites showed graphite film formation on the sliding composite 
surfaces; whereas no such graphite film was detected on the wear surface 

of diecast composites. The combined effect of the increase in tensile strength 

and the reduction in metal to metal contact i.e., between Al-Si alloy and 

steel due to presence of graphite film on the mating surface might have 

resulted in the observed improvement in the wear properties of heat treated 
composites . 

A limited amount of studies have been carried out on the abrasion resistance 
of LM13 alloy in the die cast and rapidly solidified conditions. At low load, 
the abrasion resistance of rapidly solidified alloy is superior to that of 

the die cast condition. A reversal in the wear behaviour is observed for 

loads exceeding 2N. This is probably related to the limited thickness of 

the rapidly solidified materials. 



CHAPTER 1 


INTRODUCTION 

Aluminium has an excellent combination of properties such as low density, 
good thermal and electrical conductivities and good corrosion resistance. 
As-such it finds many industrial applications essentially in electrical trans- 
mission and distribution of power, telecommunication, transport, defence, 
aerospace, building and construction industries. However, the relatively poor 
mechanical properties of aluminium (yield strength: 30 MPa, tensile strength: 

70 MPa (1) of 99.6 % pure aluminium) limits its use on a wider scale. Reali- 
sing the potential as well as availability of aluminium, considerable efforts 

are being made to explore the possibilities of improving the mechanical 

strength so as to meet the requirements for various applications. Introducing 
components made of aluminium with competitive properties in place of relati- 

vely heavier components leads to considerable savings of fuel and energy. 

One such quantum jump in improving the mechanical strength of aluminium 

is the development of age hardenable Al-Cu alloys. The tensile strength 

■fcp b* 

of age hardenable Al-5.5 % Cu alloy is found ^around 390 MPa (2), which 

is five times more than the 99.6 % pure aluminium. Further development 

in improving the mechanical strength of Al-5.5 % Cu alloy is achieved by 

addition of 1.5% Mg. The ultimate tensile strength of Al-5.5 % Cu-1 .5 % Mg 

to 

alloy in heat-treated condition is found ^ 490 MPa. Such a remarkable impro- 
vement in strength makes these alloys amenable to use in aircraft structure 

(2). A number of other alloying elements e.g., Mn, Si, Zn, Mg, Li etc., 

are also alloyed with aluminium to improve the mechanical properties. 
Amongst the various aluminium alloys, Al-Zn-Mg alloys are found to show 
tremendous improvement in mechanical strength. For instance, Al-6.3 to 7.3?o 

Zn-2.4 to 3.1 % Mg-1.6 to 2.4 % Cu-0.5% Fe-0.4 % Si-0.3 % Mn alloy shows 
excellent mechanical strength (tensile strength:610 MPa, % elongation: 10) 
in heat treated condition (2). Al-Mn and Al-Mn-Mg alloys are strain hardening 
alloys; the improvement in strength arises from cold working. These alloys 
are available in the form of sheet, plate, tube, wire, foil etc. 
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A significant amount (^20 %) of aluminium is used for the manufacture of 
cast alloys which find applications in the transportation sector. A variety 
of aluminium castings are available these days depending upon the alloying 
elements; these are: Al-Cu, Al-Mg, Al-Si, Al-Zn and Al-Sn. The initial effort 
was made in United States to make castings out of Al-4 % Cu alloys. 
Al-10 %Cu alloy was tried out for the production of pistons in internal combu- 
stion engines. Cast Al-Mg alloys show excellent corrosion resistance, good 
machinability and attractive appearance when anodised. Addition of 0.5 % 

Si to Al-4 % Mg alloy, reduces the tensile strength but it improves the casta- 
bility and the use of these alloys is restricted to only decorative purposes, 
where corrosion resistance is the major requirement. 

Amongst the various cast aluminium alloys used these days, Al-Si alloys 
are studied in detail due to their excellent combination of properties such 
as fluidity, low coefficient of thermal expansion, high wear resistance, high 
strength to weight ratio and good corrosion resistance. Al-5 % Si alloy shows 
good ductility, better corrosion resistance and pressure tightness (3). 
Al-12 % Si alloy has also good corrosion resistance and is found to be supe- 
rior to Ai-5 % Si alloy in terms of castability and pressure tightness. 
Al-7 % Si-0.2 % Fe alloy has also good corrosion resistance and has high 
ductility when cast in permanent mold and in heat-treated conditions (3). 

This alloy is used when impact resistance is the primary consideration. 
In general, binary Al-Si alloy is not amenable to heat treatment but addition 
of various alloying elements e.g., Cu, Mg, Ni makes this alloy respond to 
heat treatment. Copper increases strength and improves machinability at 
the expense of reduced castability, ductility and corrosion resistance. 
Al-9 % _Si - 3.5% Cu alloy is developed for permanent mold casting. 
Al-7% Si - 0.3 % Mg alloy shows excellent casting characteristics, ■ welda- 
bility, pressure tightness and corrosion resistance. These alloys are amenable 
to heat treatment and offer various combination of tensile and physical pro- 
perties that are attractive for many applications including aircraft and auto- 
motive parts. Another group of alloys in Al-Si alloy system are those that 
contain Mg, Cu and Ni. One example of such alloy is B.S. LM13 (Al-12°o 

Si-1 °/o Cu-1 °/o Mg-1.5 % Ni) used for making pistons in internal combustion 
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engines (4). Addition of nickel to Al-Si alloys improves the elevated tempe- 
rature properties by forming stable intermetallic compounds that cause disper- 
sion hardening. Hypereutectic Al-Si alloys are currently being tried out for 
making pistons for heavy duty IC (internal combustion) engines (5). It is 
reported (6) that cylinder blocks out of hypereutectic Al-Si alloys {B.S.LM30: 
Al-17 % Si-4. 5% Cu-0.5 % Mg) are made without iron liners or electroplating 
on the cylinder bores. The outstanding wear resistance, low coefficient of 
thermal expansion and better physical and mechanical properties of LM30 
alloy are used to advantage in the production of diesel engine pistons. Table 
1.1 shows the chemical compositions and mechanical properties of various 
Al-Si alloys and their applications are shown in Table 1.2 (1,5). Presence 
of various alloying elements e.g., Cu, Mg, Ni, Mn, Fe etc. in aluminium 
rich Al-Si alloys leads to the formation of intermetallic phases. Table 1.3 
shows some of the commonly observed intermetallic phases, their crystal 
structures and lattice constants (7). 

In hypereutectic Al-Si alloys, the first phase to solidify is primary silicon 
as large cuboids and this in turn hampers the mechanical properties as well 
as machinability and casting characteristics. The most effective way of redu- 
cing the size of primary silicon is by the addition of phosphorus to the 
molten alloy. Phosphorus combines with aluminium in the melt to form insolu- 
ble aluminium phosphide (AlP) which, due to its similar crystal structure 
(diamond cubic) and lattice constants (a .:0.5430 nm, a.._:0.5451 nm), acts 
as potential nuclei for the formation of primary silicon (6,8,9). Jorsted(6) 
has pointed out that the degree of refinement of primary silicon is markedly 
affected by the solidification rate. Castings solidified at a relatively slower 
rate, e.g., in sand casting and heavy sections of permanent mold castings, 
contain primary silicon phase which are not well refined even though the 
optimum nucleant addition is made, unless they are heavily chilled. Silicon 
in eutectic Al-Si phase grows anisotropically as sharp edges (plate-shaped} 
observed under two-dimensional microscopy. Such anisotropic growth of silicon 
largely hampers the mechanical strength, ductility and controls the fracture 
behaviour. To impede the undesirable growth of silicon the eutectic silicon 
is modified by adding foreign elements e.g., Na or Sr, prior to the onset 
of solidification (10-14).. Of the various mechanisms proposed to account 



Table 1.1 : Alloy Designation, Compositions and Mechanical Properties of Al-Si Alloy Castings (1,2) 
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T7: Solution heat-treated and stabilized. 

T62. Solution treated, quenched and natural ageing. 

T551 .Cooled from an elevated temperature following shaping process, stress relieved by controlled 
stretching and then artificially aged. a i- , 
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Table 1.2 : Applications of Aluminium-Silicon Alloys (1,2) 

Alloys (B.S. Standard) Applications 

LM6 Thin walled castings, domestic 

cook ware, pump casting, auto- 
mobile castings. 

LM13 Pistons 

LM30 Heavy duty internal combustion 

engines pistons, cylinder blocks, 
computer disc spacers, pistons 
for air conditioning compressors, 
air compressor bodies, master 


brake liners. 
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Table 1.3 : Intermetallic Phases in Aluminium— rich Aluminium Alloy System (7) 


O 

Intermetallic Phase Structure Type Lattice Parameter A 




a 

b 

c 

CUA 12 

Body Centered 
Tetragonal 

6.066 

- 

4.874 

FeAl^ 

6 

Orthorhombic 

6.464 

7.440 

7.779 

(Fe,Cu) (Al,Cu)g 

Orthorhombic 

7.464 

6.441 

8.786 

MnAU 

6 

Orthorhombic 

6.498 

7.552 

8.870 

NiAl3 

Orthorhombic 

6.611 

7.366 

4.812 

Mg^Si 

Face Centered 
cubic 

6.351 

- 

- 

Cu^FeAl^ 

Tetragonal 

6 . 336 

- 

14.870 

CuMgAl^ 

Face Centered 
Orthorhombic 

4.01 

9.25 

7.15 

Cu_NiAl^ 

3 6 

Body Centered 
Cubic 

14.6 

- 

- 
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for the modification of eutectic silicon, the most widely accepted mechanism 
is that the modifying atom (Na or Sr) gets selectively absorbed at the re- 
entrant twin grooves and reduces the rate of atomic attachment to the silicon 
growth tips (15). The tensile strength of chill cast Al-13 % Si alloy is incre- 
ased from 195 MPa in normal chill cast to 220 MPa in modified conditions. 

The percentage elongation . is also increased from 3.5 in normal cast condition 
to 8% in modified alloy and hardness is increased from 63 to 72 Rock- 
well B after modification (16). It has also been realised that refinement 
and modification of primary and eutectic silicon respectively could also be 
achieved by chill casting (13,17,18) and by rapid solidification pro- 
cessing (19). 

In recent years there is growing interest in synthesising aluminium alloy 

matrix composites in order to achieve a combination of properties which 
are not normally attained in any of the constituent phases. These composites 
can be broadly classified into two categories depending upon the geometry 
of the second phase. In fibre and whisker reinforced composites the second 
phase has an aspect ratio (1/d; Irlength of the fibre, d: diameter of the 

fibre) ranging from 100 to 10,000; a number of these composites with rein- 
forcement of carbon (20), boron (20), silicon carbide (20,21) and alumina 

(20,22) fibres are now commercially produced for structural applications 

requiring exceptionally high specific strength and specific modulus. In fibre 
reinforced composites, the matrix serves to transmit the load to the fibres, 
protect fibres from surface damage and also separate the individual fibres. 
For instance, the reinforcement of 14 vol. % alumina fibres (tensile strength: 
1.4 GPa, modulus of elasticity : 380 GPa) in Al-4 %Mg alloy increases the 

ultimate tensile strength from 188 MPa of Al-Mg alloy to 205 MPa of compo- 
sites and the modulus from 63 GPa to 87 GPa (22). Increasing the concen- 
tration of fibres further to 23 vol. % the ultimate tensile strength and modu- 
lus of elasticity of Al-4 % Mg alloy increase to 263 MPa and 105 GPa res- 

pectively (22). 

The second category of composites involves the dispersion of soft solid lubri- 
cant or hard ceramic particles; these are of great interest to tribological 

applications. Unlike dispersion strengthening alloys in which the particle 
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size varies between 0.1 to 2.0 |um, interparticle distance is less than 5 
jum and the volume fraction of dispersoids is generally below 0.10, in metal 
matrix-particle composites, the second phase particles have typical size 
in the range 10 |um to 200 ^m and spacing of the same order of magnitude. 
In dispersion hardened materials the strength arises due to dislocation bowing 
between the particles; the same is not true for metal matrix particle compo- 
sites in which the distance between the particles is too large to yield any 
strengthening effect. A large number of aluminium alloy particle, composites 
containing dispersions of solid lubricant particles like graphite(23-27) , mica 
(28,29), coconut shell char (30) and talc (31) as well as hard ceramic 
particles such as zircon (32), alumina (33,34), silica (35) and silicon carbide 
(36,37)have been synthesised and are discussed in detail in a recent review 
article (38). Since the central theme of the present thesis is solely based 
on the Al-Si alloy dispersed with solid lubricant particle graphite, 

the following chapters will deal only with the various aspects of Al-Si alloys 
and Al-Si-graphite particle composites with special reference to microstructure 
and wear behaviour. 

It is already mentioned in the proceeding sections that Al-Si alloys are ex- 
tensively used in tribological application such as pistons, cylinder blocks 
in internal combustion engines. Although Al-Si alloys meet many of the requi- 
rements for above applications, these alloys are prone to seizure particularly 
under poor lubricating conditions when there is insufficient oil supply between 
the sliding surfaces; this can also occur under fluid film lubrication conditions 
due to localised breakdown of the oil film thereby causing direct metal to 
metal contact between the tribocomponents. One way of minimizing this problem 
is to disperse solid lubricant particles, such as graphite in Al-Si alloy 
matrix, using solidification processing techniques. 


o o 

Graphite has a hexagonal structure (c=3.35 A , a=1 .41 A ). The carbon atoms 
in the basal plane form strong covalent bonds while the bond between the 
layers are relatively week (van der Waals) so that the basal planes are 
sheared easily. During sliding action graphite layers are smeared on the 
tribo-surfaces thereby providing lubrication. 
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There are some reports on the microstructure of Al-4.5 % Cu alloy reinforced 
with fibres; these deal specifically with the effect of fibre on the secondary 
dendrite arm spacing in aluminium (39,40). The presence of fibre is shown 
to influence the amount of microsegregation (39,40). Krishnan and Rohatgi 
(41 ) have stated that the dispersion of graphite particles in Al-Si alloys 
tends to modify the eutectic silicon. However, the exact mechanism for modi- 
fication has not been shown and the discussion was solely based on the 
microstructural aspects of nucleation and growth of phases. 

There is some information available in the literature describing the sliding 
wear behaviour of aluminium alloy-graphite particle composites under both 
dry (42-44) and lubricated (26,45,46) conditions. In lubricating sliding wear, 
aluminium-graphite system reported to improve wear behaviour; however, 
this behaviour is not observed during dry sliding wear. Biswas and Pramila 
Bai (43) have shown that during dry sliding wear of Al-Si alloy dispersion 
with 2.7 and 5.7 wt.% graphite composites, the wear rate is increased as 
compared to that of the matrix alloy. Similar findings are also reported 
by Gibson and coworkers (42) for aluminium alloy composites containing higher 
(>8 wt.%) graphite content. The loss in tensile strength and ductility due 
to dispersion of graphite particle was believed to be the cause for such 
anomalous behaviour with the wear properties. 

The present study is therefore aimed at understanding the effect of dispersed 
graphite particles on the microstructure of cast Al-Si alloys and the possible 
location of dispersed graphite particles in die-cast microstructure. The effect 
of graphite particle on the nucleation and growth of phases during solidifica- 
tion of Al-Si alloys is also examined. A detailed study on the wear behaviour 
of Al-Si alloys (with various matrix microstructures) and Al-Si-graphite 
particle composites both in dry as well as partially lubricated conditions 
are studied under a wide range of loads and sliding speeds. The worn 
surfaces and debris particles generated during the sliding wear are 
also studied in detail. A limited amount of studies is carried out on the 
abrasive wear of Al-Si (LM13) alloy both in die-cast and rapidly solidified 
conditions. 



CHAPTER 2 


BACKGROUND LITERATURE 

2.1 Microstructure of Al-Si Alloys 

Aluminium-silicon is an abnormal eutectic system, unlike Al-Cu (normal eutectic 
system), in which one phase (silicon) solidifies in a faceted manner and 
the other (aluminium) non-faceted . During solidification one of the solid 
phases of the eutectic projects into the liquid far in advance of the other 
solid phase. The solidification of faceted -non-faceted system leads to irre- 
gular freezing faces and no crystallographic orientation relationship exists 
between the phases and no marked metallographic periodicity is observed. 
Such a system is very sensitive to solidification conditions and the morpho- 
logy of faceted phase could be altered to a great extent by changing the 
solidification conditions (cooling/growth rates) and addition of foreign 
elements . 

In the following sections a description of Al-Si phase diagram and the effect 
of cooling rate, addition of modifiers, effect of pressure on the phase diagram 
is given. The refinement and modification of primary and eutectic silicon 
will be described in greater detail. Finally, the microstructure of rapidly 
solidified Al-Si alloys is reviewed. 

2.1.1 Solidification Behaviour and Microstructure of Al-Si Alloys 

The Al-Si alloy phase diagram is shown in Fig. 2.1. In this system an eutectic 
is formed at 11.8 at.% Si at 577°C. The maximum solid solubility of silicon 
in aluminium is 1 .59 at.% at the eutectic temperature and less than 0.05 
at.% at room temperature. The enlarged portion of aluminium-rich solidus 
and solvus curves of Al-Si phase diagram is shown in Fig. 2. 2. The solid 
solubility of aluminium in' silicon is 0.0001 at.% at the eutectic temperature. 

At slow rate of solidification, a hypoeutectic Al-Si alloy produces primary 
aluminium with a dendritic morphology and eutectic silicon in the interdendri^ 
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Fig. 2.2 Enlarged Diagram of the A! -Rich Solidus 
and Solvus. 
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tic region and around the dendrites. Silicon, in Al-Si eutectic phase, grows 
anisotropically as large plates; it grows straight for some distance and then 
branches off or changes its direction through large angle (47), in response 
to local conditions at the growth interface. The growth of eutectic silicon 
takes place by twin plane reentrant edge mechanism in which branching and 
direction changes of the silicon plates or flakes occur by multiple twinning 
(47). However, it has been indicated that some of the silicon plates are 

interconnected (48) but in general most of them are completly separated from 
the rest. 

In hypereutectic Al-Si alloys, the first phase to solidify is primary silicon 
and the remaining liquid solidifies as primary aluminium and Al-Si eutectic. 
After the nucleation of primary silicon,, the liquid composition around the 
primary silicon is enriched with aluminium and the liquid composition moves 
down the liquidus along the metastable extension until aluminium is formed. 

With the nucleation of primary aluminium the liquid composition shifts back 
towards the coupled growth region on the phase diagram, causing solidification 
of the Al-Si eutectic. 

2.1.2 Modification of Eutectic Silicon 

It has been mentioned in the preceeding section that eutectic silicon grows 
with large plate-shaped morphology. Such morphology of silicon is highly 
undesirable as it acts as a stress riser and brittle nature of silicon hampers 
mechanical strength as well as ductility of the cast alloy. With a view to 
restricting the undesirable anisotropic growth of silicon, a number of investi- 
gators (10-18,47) have studied the shape modification of eutectic silicon 
by adding minute quantities of alloying elements such as Na or Sr to the 

melt just prior to solidification. The modification of eutectic silicon in Al-Si 

alloy was discovered quite accidentdily some 68 years ago, when sodium flou- 
ride (NaF) „was added as a flux (10). Since' then considerable research has 
been conducted on the modification of eutectic silicon. Various mechanisms 
have been proposed to explain the modification of silicon phase based on 
changes in phase equilibrium or differing nucleation and growth kinetics. 
However, modification mechanism is primarily concerned with the growth 
of the silicon. The thermal analysis data show that (15,49) there are 
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depressions of the eutectic and primary silicon arrest on cooling by 5 to 
10 *c but no such depression was observed on heating. This suggests that 
there is no recalescence to raise the growth temperature towards that of the 
eutectic isotherm. There is no effect upon the freezing point of aluminium 
phase. Fig. 2. 3 shows the effect of sodium on the phase diagram of Al-Sl 
alloy system. The . liquidus curves are depressed and the eutectic temperature 
is lowered (13). The equilibrium eutectic temperature is suppressed by 
10-15°C and the eutectic composition moves right to 13.5 at.%Si. Of the 
various mechanisms proposed to account for the modification of eutectic sili- 

con by alloying elements, such as Na or Sr the most widely accepted mecha- 
nism is' that the impurity atoms get selectively absorbed at the reentrant 
twin grooves and reduce the rate of atomic attachment to the silicon growth 
tips (18,47,50). Recently Lu and Hellawell (51) have made a careful investi- 
gation of the mechanism of modification of silicon by sodium in Al-Si eutectic 
alloy. Their studies show that modifiers are preferably absorbed on the 

(111) plane, change the stacking sequence and lead to impurity induced twinn- 
ing. The sodium modified silicon fibres are reported to be rough or micro- 
faceted and they contain a very high twin density on the four ^1111 planes 
the preferred growth axis is a <(^100])> direction, with symmetrical branching 
in <^211^ direction. 

It is also realised that the anisotropic growth of eutectic silicon could be 

altered by increasing the solidification rate, since the faceting phase is 
sensitive to solidification condition notably quenching rate. It has also been 
shown that the liquidus lines are depressed by 10-20°C and the equilibrium 
eutectic composition shifts towards higher silicon contents (•^13.5 at.%Si) 
by chill casting (cooling rate 1-2°C/s) of Al-Si alloy (13), Fig. 2.4. This 
indicates that rapid cooling of the Al-Si alloy produced a similar effect 

on the equilibrium phase diagram to that obtained by sodium modification. 
Plumb and Lewis (11) have examined chill modified, structure with the help 
of electron microscope and concluded that the structure produced by rapid 
cooling and that by sodium modification are alike. Dey and Hellav^ell (52) 
have also studied the microstructure of Al-Si alloys and their study concluded 
that there is no difference between the quenched and sodium modified struc- 
ture. Kobayashi and Hogan (47) have proposed that the reduction in lead 
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Fig. 2.3 Impact of Modification by Sodium Addition 
on the Location of Liquidus Curves and 
Eutectic Equilibrium Temperature. Full 
Lines Show the Equilibrium Phase Dia- 
gram. 




Temperature (®C) 



Fig. 2.4 Impact of High Cooling Rates (1 to2®C/s) 
on location of the Liquidus Curves and 
Eutectic Equilibrium Temperature in the 
Al“Si System. Full Lines show the Equi- 
librium Phase Diagram. 
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distance between aluminium and silicon during chill modification is mainly 
due to the differential reduction in diffusion rate of the two species in the 
eutectic melt, so that the growth rate of aluminium phase decreases less 
rapidly with falling temperature than that of the silicon phase. However, 
a recent study by Lu and Hellawell (51) have indicated that quench modified 
silicon fibres are quite smooth on external surfaces and are more often twin- 
free. They have also added that quenching leads to a transition from aniso- 
tropic to more or less isotropic growth and the molecular attachment kinetics 
are insensitive to internal twins. 


The application of hydrostatic pressure during solidification, as is obtained 
in the squeeze casting technique, also leads to modification of eutectic silicon. 
A significant improvement in the mechanical strength of Al-Si alloys is achie- 
ved by this technique (53,54). It can be seen from thermodynamic considera- 
tions that the melting point of a metal, which shrinks during solidification 
(aluminium shrinks about S %) , increases if sufficiently high hydrostatic pre- 
ssure is applied. The increase in the freezing temperature can be calculated 
from Clausius-Clapeyron equation: 


CkI 

AP 


T 

m 


(v 



) 


2.1 


where Q is the latent heat of fusion 

v^ is the specific volume of liquid phase 
v^ is the specific volume of solid phase 
and T^ is the melting temperature at atmospheric 

pressure 


Fig. 2. 5 shows the location of iiquidus lines and eutectic lines in Al-Si system 
under high hydrostatic pressure (13). It can be seen that the eutectic tempe- 
rature rises from 577°C at atmospheric pressure to 660°C at 28 1< bar. It 
is also interesting to note that the maximum solid solubility of silicon in 
aluminium can be raised to 3.37 at.%Si under a pressure of 25|<-bar. or 6.77 
at.%Si at 50 !<; bar. The reason behind the modification of eutectic silicon 
lies in the fact that due to applied pressure the actual melting temperature 
is raised, but the temperature of the liquid would remain at a lower value 
than that it would have at high pressure. This gives rise to undercooling 
of Al-Si alloy melt, and subsequent solidification alters the growth morphology 
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Fig. 2.5 Location of Liquidus Curves and Eutectic 
Lines in Aluminium Silicon System under 
High Hydrostatic Pressure. 
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of eutectic silicon as observed with sodium modification as well as in chill 
castings. 


2.1.3 Refinement of Primary Silicon 

During liquid to solid transformation of hypereutectic Al-Si alloy, the first 
phase to crystallise is primary silicon as large cuboids. Such coarse primary 
silicon particles greatly hamper tensile properties and also increase diffi- 
culties in machining. With a view to achieving optimum properties and better 
machining characteristics, it is essential that the primary silicon should 
be refined. In Al-Si foundry practice, refinement of primary silicon is accom- 
plished by addition of phosphorus to the molten alloy (6,7,9,55). Phosphorus 
reacts with aluminium to form small insoluble particles of aluminium phosphide 
(AlP) which, due to its similar crystal habit and lattice constants acts as 
potential sites for heterogeneous nucleation of primary crystals. The amount 
of phosphorus in the range of 0.01 to 0.5% is enough to refine the primary 

silicon. 

It is logical to add both phosphorus and sodium in hypereutectic alloys 

to refine as well as modify the primary and eutectic silicon respectively. 

Some studies are carried out in this direction to achieve both the refine- 
ment and modification of primary and eutectic silicon respectively (56-58). 
Clegg and Das (56) have reported that addition of sulphur followed by sodium 
in LM30 alloy refined and modified both the primary and eutectic silicon 
respectively. Cisse et al. (55) added a master alloy of sintered aluminium 

powder rods (SAP) with alumina in Al-Si alloy and found that direct additions 
of finely dispersed alumina nucleated silicon but not aluminium. Quaternary 
alloys containing both alumina (added as SAP) and sodium showed primary 
silicon refinement and eutectic modification. Freshly made alumina (i.e. not 

added externally but formed in the melt by chemical reaction) is generally 

an effective nucleant for aluminium (55). 

Mascre (57) has stated that sodium has a tendency to decrease the effective- 
ness of phosphorus, when both are added in the melt at the same time. 
This may be due to the fact that sodium and phosphorus react together and 

form Na^P (59). In contrast Sugiyama et al. (58) have indicated that the 
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simultaneous introduction of phosphorus and sodium promotes both refinement 
and modification of primary and eutectic silicon respectively. There are 
some reports (47,49,60) describing the change in the growth mode of primary 
silicon, due to overmodification by sodium, to roughly spheroidal form. 

2.1.4 Rapid Solidification Processing 

Rapid solidification processing is being recognised as having high techno- 
logical potential; it is capable of producing a unique class of material 

directly from the melt. In this process, liquid metals or alloys are solidified 
7 9 

at a rate (10 -10 °C/s) fast enough to achieve phase or phase mixtures which 
are generally not obtainable in conventional processing techniques. There 
are numerous effects of rapid solidification on the as-quenched structure; 
some of these are: 

i. refinement of microstructure, 

ii. extension of terminal solid solubility of solute atoms 
in primary phase and change in segregation patterns 
eventually leading to the reduction or elimination of 
the second phase, 

iii. modification of segregation pattern, 

iv. formation of metastable phases, and 

V. refinement of insoluble particles such as Al-Fe-Si 
bearing compounds 

The equilibrium phase diagram of Al-Si alloy system shows that the maximum 
solid solubility of silicon in aluminium solid solution is 1.59 at.% at eutectic 
temperature (577°C). Such equilibrium solid solubility limit can be enhanced 
upto eutectic composition (11.8 at.%Si) by rapid quenching, as reported by 
many authors (61-63). The lattice parameters of aluminium rich solid solution 
as a function of silicon concentration as reported by various authors, are 
shown in Fig-.2.6. The metastable extension of lattice parameter of aluminium 
solid solution upto 11 at.%Si is made by extrapolation of lattice parameter 
data obtained by solid quenched Al-0.93 at.%Si (64) and Al-2 at.%Si (65) 
alloys. Shingu et al. (63) have measured the lattice parameter of aluminium 
solid solution in splat quenched Al-Si alloys (silicon content upto 11 at.?o) 
and their results are found to agree well with the metastable extension, 
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Fig. 2.6 Effect of Silicon on the Lattice Parameter of Quenched 
Aluminium Solid Solution. (□ and x were Quenched 
from Single Phase Solid Region; others were Liquid 
Quenched ) 
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Fig. 2. 6. However, large deviation in the lattice parameters of aluminium 
solid solution, in rapidly solidified Al-Si alloys^ from the metastable extension 
are reported by various investigators (61,62,66,67), Fig. 2. 6. Ishihare and 
Shingu (68) have shown, based on thermodynamic calculation®, that the increase 

A 

in solid solubility of silicon in aluminium is a function of the degree of 

supercooling during solidification. 

Baker and Cahn (69 ) have discussed the thermodynamics of nonequilibrium 
solidification and have indicated that the solid with maximum composition 
can be formed from a liquid when the solidification is completed below a 
temperature where both the solid and liquid phases have the same free 

energies. Additionally, Lavi and Mehrabian 70) have also shown based on 
the microstructure of Al-Si submicron droplets that the segregation free soli- 
dification requires sufficiently large undercooling of the melt associated with 
the rapid rate of extraction of latent heat of solidification during recalesc- 
ence, so that no part of the alloy should reach above the temperature 

line as discussed by Baker and Cahn (69''. The curves and metastable 

extension in Al-Si phase diagram are shown in Fig. 2. 7. 

The microstructure of Al-Si alloys is altered markedly by rapid solidification 
processing. Mueller et al. (71) have studied the microstructure of Al-Si 
alloys produced by droplet emulsion technique in conjunction with differential 
thermal analysis, to monitor melting and solidification at controlled heating 
and cooling rates. Their results stress upon the fact that the degree of 

supercooling during solidification modify the structure greatly. For instance, 
Al-7%Si alloy undercooled to 160°C resulted in a structure consisting of alumi- 
nium cells and silicon particles segregated in the intercellular regions. Their 
results also indicate that the reduction in the degree of undercooling, to 
a value of 57°C, due to nucleation of primary aluminium, yielded a structure 
consisting of significant amount of primary aluminium solid solution and the 
remaining liquid solidified in an irregular eutectic morphology. Levi and 
Mehrabian (70) have also studied the microstructure of Al-Si alloy powders 

produced by electrohydrodynamic (EHD) process. They have reported that 

decreasing the particle size, increased the achievable undercooling and solid- 
liquid interface velocity during growth. This reduces the extent of micro 
segregation during solidification. A plane front solidification was also reported 
•due to substantial undercooling prior to nucleation and high interface velocity 
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during recalescence. Vander Hoven et al. (72) have reported that rapidly 
solidified Al-Si alloy forms three distinct regions; these are: . (i) very fine 
grains (near the wheel side) (ii) columner zone and (iii) equiaxed grains 
at the upper side. They have also reported (72) that the solidification of 
the alloy has not only proceeded from the wheel side but also from the 
upper side too. The X-ray microanalysis studies of these ribbons across 
the thickness have indicated that the concentration of silicon is higher at 
the centre, lowest at the upper side and an intermediate value near the 
wheel side. Near the wheel side, highest cooling rate is expected which 
leads to very fine grains, which is reported to be solidified without diffu- 
sion. Delhez et al. (73) have studied the microstructure of melt spun ribbon 
of Al-2.5 at.% Si and Al-33.9 at.% Si alloys using optical and scanning ele- 
ctron microscopy. In both hypo and hyper eutectic alloys a thin featureless 
zone at the wheel side is observed. In hypo-eutectic alloy the aluminium 

rich phase at the wheel side shows a preferred orientation different from 

the one at the upper side whereas, silicon rich phase is randomly oriented. 
In hyper-eutectic alloy no significant texture is reported. 

Paidassi and Chevrier (74) have also made a careful study on the silicon 
concentration across the cross section by electron microprobe of melt spun 

Al-12% Si alloy. Their results indicated that no solute rejection could be 
detected on the wheel side; silicon distribution was only found at the upper 
side of the ribbon. Papon and Paidassi (75) have studied the rapidly solidi- 
fied Al-Si alloy produced by planer flow casting in vacuum. The rapidly 
solidified materials were characterised using transmission electron microscopy 
corresponding to different depths in the as-quenched and in annealed ribbons. 
Their results indicate that planar front solidification occurred for the first 
solidified layers and a transition to cellular solidification occured later 
along the solidification path. They have also reported that in Al-12% Si 

alloy, silicon rich amorphous phase is formed and is thermally stable upto 
a temperature of 400°C. 
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2.2 Aluminium Alloy-Composites 

Composites are becoming important as high performance materials combining 
properties generally not obtainable in individual materials. A composite mate- 
rial can be synthesised by the assembly of two or more components-a filler 
or reinforcing agent and a compatible matrix in order to obtain specific 
characteristics and properties. Composites can be broadly classified into 
two categories depending upon the geometry of the reinforcing phase. In 
fibre and whisker reinforced composites the second phase has an aspect 
ratio (1/d ;1: length of fibre and d: diameter of the fibre) ranging from 100 
to 10,000; a number of such composites with reinforcement of carbon (20), 
boron (20), silicon carbide (20,21) and alumina (20,22) fibres are now comm- 
ercially produced for structural applications requiring exceptionally high 
specific strength and specific modulus. A list of such commerical composites, 
their manufacturers and applications are shown in Table II. 1 (76-79). 

The second category of composites involves the dispersion of soft solid lubri- 
cant (24,27,80-83) and hard ceramic particles (32-37), as shown in Table. 
II. 2. These composites are of great interest in tribological applications. 
In the case of particle dispersed composites, of the type shown in Table. 

11. 2 j there can be some reduction in tensile strength, ductility and fracture 
toughness (84), and these composite materials are primarily developed for 
tribocomponents where strength is not the main criterion. 

Aluminium alloys containing dispersions of (discontinuous) fibres and particles 
can be commercially produced by conventional powder metallurgy route invol- 
ving blending, compacting and sintering (76,78). Casting or ingot metallurgy 
route can also be used to produce aluminium alloy-composites with short 
discontinuous fibres and particles. Essentially the process involves melting 
the aluminium alloy, dispersing the short fibres/particles and casting the 
composite aluminium alloy melt in a suitable mold. On the commercial scale. 
Science Applications International Corporation (SAIC), USA, has developed 
this casting route to synthesise aluminium alloys reinforced with silicon 
carbide whiskers (76). The processes described above are suitable for pro- 
ducing composites containing particle and short (discontinuous) fibre disper- 



Table II. 1 : List of Manufacturer of Aluminium Alloy-Fibre Composites 
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Table II. 2 : Particle Dispersed Aluminium Alloy Composites Synthesised 
in Recent Years (38,190) 


Dispersoids 

Size 

Amount 

Matrix alloy 

Graphite flake 

Graphite granular 

Carbon microballoons 

20-60 pm 

15-500 jum 

40 jum, 

thickness : 1 -2 pm 

0.90-0.815% 

1-8% 

Al-(2-25)%Si 

Al-5.7 Cu(201 1 ) 
Al-9.3%Si-2.9%Cu 
Sn-babbit metal 

Shell char 

Porous irregular 
avg. size:125 pm 

15% 

Al-11 .8%Si-(3-6)Mg 

Mica 

Flake (1/d 20) 
1=40-180 pim 

3-10% 

Al-4.5%Cu-1 .5%Mg 

Talc 

Flake, 45-150 pm 

3% 

Al-11 %Si 

Zircon 

Nodular 

40-200 pm 

60% 

Aluminium , 

Al-11 .5%Si 

Titanium carbide 

46 pm 

15% 

Al-4%Cu 

Silicon nitride 

40 pm 

10% 

6061 aluminium 
alloy 

Boron nitride 

46 pm 

8% 

6061 aluminium 
alloy 

Alumina 

Irregular 
particle: 3-200prT 

i3-30% 

Al-(5-16]^i 

alloy 

Silicon carbide 

Irregular 
particle: 1 6-1 20pm 


Al-(5-16)%Si 

Silica 

Nodular: 5-53 pm 


Al-{0.4-12)^i 
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in mechanical strength of continuous fibre reinforced composites can be advan- 
tageously used in designing components where strength requirements in a 

S 

particular direction are much higher than those in the other two direction. 

A 

Diffusion bonding (85) and pressure infiltration (85) techniques are most 

commonly used to fabricate continuous fibres reinforced aluminium alloys. 

Pultrusion process (86) in which bundles of fibres are pulled through a 
molten aluminium alloys bath has also been developed for fabricating various 

aluminium alloy-composites. Chou et al. (85) have reviewed the various 
fabrication techniques available for producing fibre reinforced metal matrix 
composites. 

The present study is concerned with the investigation of the microstructure 
and wear of Al-Si alloys and composites. Since the composites of the present 
study are produced by solidification processing techniques, various steps 
involved in the process are briefly reviewed in the following sections. 

2-2.1 Steps Involved in the Solidification Processing of cast Metal Matrix- 
Particle Composites 

X 

The fundamental requirement for transferring graphite particles into the molten 
aluminium alloy is the good wettability between graphite particles and molten 
aluminium. Graphite particles are poorly wetted by molten aluminium; hence 
for successful introduction of the particles, the wettability should be impro- 
ved and sufficient energy must be supplied to the particles to overcome 
the gas-liquid energy barrier across the interface. The solidification synthe- 
sis of cast aluminium alloy-graphite particle composites essentially consists 
of the following steps (38), Fig. 2. 8, 

i. melting of the aluminium alloy, 

ii. introduction of graphite particle in the melt, 

iii. creation of a homogeneous dispersion of particle in the 
melt and 

iv. solidification of the aluminium alloy-graphite particle 
suspension under selected conditions to achieve the desired 
particle distribution in the cast matrix. 



Melt 


Suspension — ^ Solidified Composite 


Fig. 2.8 Steps Involved in Solidification processing 
of Cast Composite. 
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2.2.2 Techniques of Introducing Particles in the Melt 

The techniques developed for introducing solid particles into a molten alloy 
have recently been reviewed by Rohatgi, Asthana and Das (38). These include 
the following: 

i. injection of particles entrained in an inert carrier gas into the melt 
with the help of an injection gun (87-89), 

ii. addition of particles to molten alloys after mechanically stirring 
the melt with an impeller to creat a vortex (22,35,90-93), 

iii. using centrifugal acceleration to preferentially segregate particles 

or microballoons at specific regions in the solidifying melt (94), 

iv. injection of solid particles into the melt subjected to ultrasonic 

vibrations (95) , 

V. introducing particles into vigorously agitated partially solid slurries 

of alloy held between its liquidus and solidus temperatures (compo- 
casting) (29,33), 

vi. producing a dispersion within the melt by means of a chemical 

reaction (96,97) and 

vii. pressure infiltration of particles prepacked in the mold (98). 

2.2.3 Interfaces and Role of Wettability 

The fundamental consideration in the transfer of particles from a gas phase 
to a molten alloy is the wetting between the particles and the melt. Generally 
the ceramic particles are not wetted by molten metal and alloys, the basic 
reason being that the particles, particularly oxides, are ionic or covalent 
in nature and are not compatible with metallic melts. Hence for their success- 
ful entry into the melt, wettability should be induced and also sufficient 
energy must be supplied to allow these particles to overcome the energy 
barrier at the gas-liquid interface. The wettability betvyeen the dispersed 

particles and liquid metal is important since it affects the ease of dispersing 
particles, interface bond formation between the solid particle and liquid 
metal matrix and the defects in the resulting castings. A measure of quanti- 
fying the wetting characteristics is the contact angle '9'. 
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Fig. 2. 9 shows a schematic of the equilibrium configuration of a solid particle 
entering in a liquid surrounded by vapour phase. At equilibrium, the contact 
angle is determined by the surface energy of the solid surface energy 

of the liquid the particle-liquid interfacial energy (V ) . The 

relationship between the .surface energies and contact angle is given by 
the young's equation (99) ' 


fgP = I’pL * ■i' Lg 


( 2.2 ) 


or, CosQ 


S^9P --y^PL 


According to equation (2.2^ wettability can be improved (i.e., contact angle 
reduced) by (i) increasing the surface energy of the solid ("^gp) (ii) decrea- 
sing the particle liquid interfacial energy o'" (iii) decreasing the 

surface energy of the liquid ). Besides satisfying the condition for 

wetting of a liquid to spread on a solid (i.e. , p^^ '*^'^Lg 

particle liquid interface should also be stable 'that means, the work of adhe- 
sion i^a.) , defined as the bonding force between the liquid and solid phase 
represented by the relationship, 


’ I a ^ aP T 


(2.3) 


should be high. Combining equations (2. 2) and (2.3) gives. 


Wa ='?Lg ^ 


f 2.4^ 


The above relation suggests that the bonding force between the solid and 
the liquid phase may be expressed in terms of the surface energy of the 
liquid (') i^g) and the, contact angle 0. Since large values of gp and [_g 
should increase Wq_ as dictated by equation (2.2) and since surface energies 
4gp for particles are small compared to pi^ for pure liquid metals, the wett- 
ing condition '^gp^'^Lg PL satisfied by minimizing the liquid 

surface energy which tends to minimize the bonding force between the 

solid and the liquid phases. Various techniques have been evolved to induce 
wettability between the dispersed particles and liquid metals and alloy based 
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g : Gas 
L : Liquid 
P : Particle 

ligp: Surface Energy of the Solid 
"YLg: Surface Energy of the Liquid 
liPL: Particle - Liquid Interfacial Energy 
CJ : Semi Apex Angle 
0 : Contact Angle 

Fig. 2.9 Schematic of Transfer of a Particle from 
a Gas to a Liquid Indicating the Various 
Surface Energy Contributions and 
Contact Angle. 
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on the principle that the contact angle '0' can be decreased by increasing 

the surface energy of the solid "^gp* decreasing the particle-liquid interfacial 
energy p|^ or by decreasing the surface energy of the liquid A variety 

of techniques used to induce wettability are explained below: 

i. Use ,of Metal Coating: Coatings like nickel or copper on particles 

can induce wettability by raising "^gp- Nickel and copper coated 
graphite (87, 100, 101 ) and shell char (102) particles have been 

successfully dispersed in molten aluminium alloys. Electroless nickel 
or copper coatings on alumina (103) particles were used to prepare 
nickel or copper based cermets, containing alumina. Recently consider- 
able attempts are being made to prepare metal matrix composite 

using pressure infiltration technique (39,40). In this technique a 
preform fibre or uniformly packed powder specimen, is placed in 

a mold and liquid metal is caused to flow within the interstices. 
The amount of pressure required to flow the liquid metal depends 
on the wetting characterisitcs between the prepacked solid and Tiquid 
metal. A recent study (104) shows that electroless nickel plated 
pitch 55 graphite fibres dispersed uniformly in a 2024 aluminium 
alloy whereas, uncoated fibres were pushed together and exhibited 
no infilt ration. 

ii. Addition of Reactive Elements: Additions of reactive elements to 
metallic melts promotes wettability by (a) reducing the surface energy 
('^l^g) of the liquid, (b) decreasing the solid-liquid interfacial energy 
('^p.) or (c) formation of stable chemical compounds by reaction 


at the interface causing reduction in 


pi^. In general elements that 
have a higher affinity for oxygen tend to decrease the interface 
tension of liquid metals with oxide. An alkali or alkaline earth 
metal present in molten metal can chemically reduce the surface 
energy of several ceramic oxides and glass forming oxides, since 
the free energy of formation of these reactive metal oxides is lower 
than that of other metal oxides. A number of investigators have 
used reactive elements in order to improve melt-particle wettability. 
Lithium has been found to be a very attractive alloying element 
to improve wettability for reinforcement of alumina, silicon carbide 
and carbon fibres (105-107). Magnesium addition to aluminium, Al-Si 
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and Al-Cu alloys have been reported to facilitate dispersion of gra- 
phite (108), alumina (92), silica (109), mica (110), glass (111), 
shell char (30) and rice husk ash (112) particles in these alloys. 
Magnesium wets the above particles because of its much lower surface 
energy (0.559 N/m- as compared to pure aluminium 0.760 N/m and 

A* 

Al-11.8%Si alloy, 0.817 N/m) at molten aluminium temperature (113). 
Addition of magnesium to Al-Si alloys containing zircon particles 
improved wetting and dispensability of zircon in the melt (91). 
Both magnesium and silicon were reported to be accumulated at the 
particle-matrix interface, suggesting chemical reaction at the interface 
Similarly, in Zr02 and '•’i02 dispersed aluminium alloys containing 
magnesium as an additive, magnesium enrichments at the particle- 
matrix interface were reported (114). A recent patent describes 
(115) a process of dispersing upto 30 wt.% graphite particles in 
aluminium alloys by addition of vanadium, cromium, zirconium, tita- 
nium and niobium to the melt. Chou et al. (115) have critically 
studied the effect of alloying elements on the wettability between 
graphite and liquid aluminium. The wetting behaviour has been 
explained with the help of a term called wetting nucleus creation 
rate. It has been reported that the rate constant for wetting increased 
by alloying iv^) and Ma") group elements. Oh et al. (116) have studied 
the effect of alloying elements on the wetting angle of SiC/Al-alloy 
at 800°C. The observation depicted that magnesium addition is found 
to induce wettability while that of copper increases the wetting 
angle. Levi et al. (117) have studied interface reactions in short 
alumina fibre reinforced aluminium alloys. Cast Al-Mg-alumina fibre 
composites showed magnesium enriched regions around the fibres 
which persisted even after heat treatment, indicating the presence 
of a stable chemical reaction product at the interface. Auger spectro- 
scopy and electron diffraction studies on these composites showed 
the presence of ^mineral spinel MgAl^O^ at the fibrejmatrix interface, 
apparently formed either by reaction of Al^O^ and MgO produced 
from direct oxidation of magnesium in the melt, or by reduction 
of alumina in the fibre by magnesium, or by preferential formation 
of fine alumina from oxidation of the melt. The spinel phase promoted 
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fibre matrix interfacial bonding since it forms strong bonds with 
both metals and ceramics. Small quantities of CuAl^ and an iron 
rich phase CuFeAl^ were detected at the alumina fibre interface 
in Al-4.5%Cu alloy (117). In as-cast condition copper accumulated 
at fibre edges, although largest copper concentrations did not nece- 
ssarily occur in the fibre matrix interaction zone. After heat trea- 
tment, only residual copper content was observed in the zone that 
was almost equal to the matrix level. Finally, in Al-4.5%Cu-2%, 
Mg alloys, effect of magnesium was to significantly reduce the extent 
of interaction zone observed in AI-CU-AI 2 O 2 composites, although 
magnesium and copper enrichments were again detected at the fibre 
boundary. After heat treatment while most of the non-equilibrium 
second phase CUAI 2 and CuMgAl 2 of the matrix dissolved, a thin 
copper rich ring was left around the alumina fibre (117). The more 
stable MgAl 20 ^ was reported to have enveloped copper spinel 
preventing outward diffusion of copper during heat treatment. A com- 
posite reinforced with polycrystalline alumina fibres (10 vol.%) in 
the matrix of an aluminium alloy containing 0.5-5. 5 wt.% lithium 
has been prepared by pressure infiltration of fibre preforms. Lithium 
was found to react with alumina fibres forming LiA 102 at the interface 
and improving melt-fibre wettability (118). 
iii. Heat Treatment: Contact angle in metallic melt-ceramic particle system 
e.g., Al/Sapphire, Ag/graphite and Cu/graphite decreases with increa- 
sing temperatures, thereby promoting wettability (119). Contact angles 
of aluminium with alunina and graphite measured by sessile drop 
method were found to decrease with increasing temperatures (120, 
121). Heat treatment of silica particles prior to their dispersion 
in aluminium and Al-Mg alloys resulted in uniform dispersion in the 
melt (35). Uncoated refractory particles, suitably heat treated^, are 
easily transferred to molten aluminium alloys (90). Agarawala and, 
Dixit (122) have reported that there was no retention of graphite 
particles when the graphite particles were not preheated , whereas 
the particles were retained when preheated. 
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iv. Ultrasonic Treatment of Particles: A clean surface provides better 

opportunity for melt particle interaction and hence wetting. Ultra- 
sonic technique can be used to break up surface layers. Banerjee 
and Rohatgi (114) have successfully dispersed ultrasonically pre- 
treated zirconia and titania particles in Al-1 1 .8%Si-1%Mg alloy. It 

was suggested by these authors that the absorbed gases on the 
surface of these particles decrease their surface energy according 
to the relation pg ~ where "V^pg and “^p^ are the surface 

energies of the solid particles in vapour phase and vacuum respecti- 
vely, and p is the surface pressure of the absorbed gas on the 

solid. Infrared (IR) spectral analysis of as -received oxide particles 
showed the presence of hydroxyl ions and molecular water at the 
surface of the particles. These were absent in the IR spectra of 
ultrasonically treated powders, indicating desorption of absorbed 
gases . 

V. Compocasting; In compocasting the non metals are dispersed in a 

vigorously agitated partially solid slurries of alloys held between 
their liquidus and solidus temperatures. The particles are mecha- 
nically entrapped between the primary solid phase in the slurry 
and prevented from settling, floating or agglomeration, due to 

increased effective viscosity. With increasing mixing times after 
addition of particles, interactions between particles and the matrix 
promote wetting and bond formation. Gibson et al. (25,123) have 
squeeze cast Al-(4-16%)Si alloys containing 2-8?^ graphite particles 
which were introduced in the alloy by compocasting technique. A 

special rotor design was used (25) to prevent surface agitation of 
the melt and consequent air entrapment. The optimum combination 
of shear rate, graphite content and initial volume percent solid in 

slurry were determined to give a viscosity suitable for casting. 

Better particle distribution was obtained in squeeze cast hypoeutectic 
alloys compared to near eutectic and hypereutectic alloys which 
showed some evidence of graphite clustering. It was suggested (123) 
that the significantly higher proportion of solid present in hypo- 
eutectic alloy slurries aids the separation and distribution of particles 
The process parameters for incorporation of the maximum level of 

alumina particles in compocast slurries of Al-Mg alloys have been 
optimised by Ghosh et al. (124). These authors noted a linear 

increase in the porosity level of the composite casting with increasing 
additions of alumina. 
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2.2.4 Interaction Between Suspended Particles and Growing Solids 


The suspended particles in matrix melt are generally present in the last 
freezing liquid presumably pushed by the advancing solidification front. 
While the entrapment of the . particles within the cells and dendrites would 
have resulted in a more uniform distribution, their segregation in the last 
freezing liquid leads to inhomogeneity in the spatial microdistribution of 
the particles in the metallic matrix. Model experiments using transparent 
organic materials containing a variety of solid particles have been conducted 
to study particle engulfment as well as capture by growing crystals (125- 
128). For each particle-liquid combination, a critical solidification front 
velocity representing transition from rejection to engulfment configuration 

was found to exist. When the growth velocity is smaller than V^, the particle 
is found to be pushed whereas particle engulfment is observed for values 
of velocities exceeding V^. 

Uhlman et al. (125) have suggested that the increase in specific surface 
energy of particle with decreasing separation between the particle and the 
advancing solid-liquid front provides the driving force for diffusional trans- 
port of fluid in the region between the particle and the crystallisation front. 
The particle is captured when the liquid can not diffuse sufficiently under 
the suspended particle and unable to ensure growth of the crystals. The 


theoretical critical velocity above which the 

by the solidification front is given by the expression 



n-t I 

Z 


zx H €i. ~a,o ao 


particles are captured 
(125), 



where, n is a constant 

Ah is the enthalpy of fusion 
<2.^ is the density of liquid, 
-^0 is the atomic volume, 
a^ is the atomic spacing, 

D is the diffusivity of liquid, 
KT is the Soltzmann factor and 


R is the particle radius. 

For aluminium-graphite system (129) the estimated lies in the range of 

0.0022 ^m/sec to 0.0001985 ^m/sec for graphite particle sizes from 30 ^m 
to 100 |Lim respectively; the local solidification velocity is of the order 
of 0.5 ^m/sec in permanent molds. Contrary to the predictions of Uhlman 
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et al. (125), experiments on aluminium-graphite system (129) show that all 
the graphite particles are pushed by primary aluminium dendrites into the 
last freezing liquid, even though the actual solidification velocity is much 
higher than the theoretical critical velocity for capture. This discrepancy 
persists even after a modified value is obtained taking into account the 
existence of grain boundary grooves and grain boundary triple points (126). 
This suggests the need to evolve different criterion for particle pushing 
in metal-particle systems where the thermal properties of phases are very 
different. The theoretical predictions of Zubkov et al. (131) and experimental 
observation of Omenyi and Newmann (128) and particle capture or rejection 
by growing crystals, have shown. that thermal conductivity criterion kc5 
failed in some cases e.g., polystyrene particles in diphenyl and napthalene 
solvents. Surappa and Rohatgi (130) have tried to obtain an empirical 
relationship for predicting the rejection or entrapment of particles by growing 
crystals, called heat diffusivity criterion according to which the ratio 
of the heat diffusivity of the particle to that of the liquid should be greater 
than unity for capture of particle^ i.e. , 

^ I r 


A p ^9 


1 jL 


A L Cu 


u 


2.6 


where, is the thermal conductivity of particle, 
is the thermal conductivity of liquid, 
Cp is the heat capacity of particle, 

C|^ is the heat capacity of liquid, 
is the density of particle and 
is the density of liquid. 


This criterion has been successfully tested in both metallic and nonmeta- 
llic systems at slow growth rates. This criterion has a different physical 
basis than that of Omenyi and Newman (128) and thermal conductivity criterion 
proposed by Chernov and Melnikova (127). 

2.2.5 Microstructure of Composites 

The microstructure of cast metal matrix composites is controlled largely 
by the interaction between the dispersoids and the solidification kinetics 
of cast metal matrix. A thorough understanding of the solidification mechanism 
of metal matrix in presence of dispersoids offers opportunity to suitably 
design a microstructure required for a particular application. A wide range of 
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microstructure of the cast composites may be synthesised by controlling the 
size, shape and volume fraction of the dispersoids. 

Several attempts have been made to study the microstructure of aluminium 
alloys in the presence of graphite particles. It is conceivable that the dis- 
persed graphite particles in molten aluminium alloys tend to float because 
of lower density than that of the molten aluminium alloys and segregate at 
the top portion of the castings. Badia and Rohatgi (87) have studied the 
microstructural distribution of nickel-coated graphite particles in various 
Al-Si-Ni alloys. Their observations depicted that graphite particles are pushed 
into the interdendritic regions associated with the ternary Al-Si-NiAl^ eutec- 
tic, instead of being entrapped by the growing is<l -aluminium dendrites. In 
an another (87) experiment graphite particles are distributed among the plate 
shaped dendrites of NiAl^ and the interdendritic ternary Al-Si-NiAl^ eutectic 
in Al-9.2 Si-6.3 Ni base alloy. In Al-16 Si-2 Ni base alloy, graphite particle 
is associated with the primary silicon particles (87), The microstructure 
of LM13 alloy in presence of dispersed graphite particles is studied by 
Asthana et al. (132). Their results show that dispersion of 3 and 5 wt.*^o 
graphite particles in LM13 alloy resulted in an average dendrite arm spacing 
around 15 and 16 ^m respectively, which indicated insignificant change in 
the microstructure (132). However, the graphite particles are reported to 
be pushed into the last freezing eutectic liquid, presumably due to the rejec- 
tion by the solidifying liquid (132). There are some results available in 
the literature on the solidification microstructure of aluminium alloys in 
presence of fibres. In hypoeutectic Al-Si alloys, the large eutectic region 
is surrounded ty the fibres (133-136). In hypereutectic Al-Si alloys, the 
primary silicon grew from the fibres into the interfibre spaces (133). In 
Al-Mg-alumina fibre composites, the second phase was observed on the fibres 
(134-137). In Al-Li-alumina fibre composites, small amount of LiAl inter- 
metallic phase is present in the matrix presumably due to interfacial reaction 
(138). Al-Cu alloys were also solidified in the same fashion with the primary 
phase avoiding the fibres. The eutectic is precipitated into the fibres or 
between individual dendrite arms (134,135,138-142), However, Fukunage 
et al.(140) have reported that the alpha phase nucleates and grows on the 
cold fibres. The cu-rich liquid is rejected to the centre of the interfjLbre 
regions. In Al-9%Si-4%Cu alloy (39) infiltrated with carbon fibre bundles, 
the CUAI2 phase surrounded the fibres as observed in Al-Cu alloys (133). 
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Gungor et al. . (143) have made a model experiment with Al-4.5% Cu-55 
vol.%Al 202 and showed that when the matrix alloy is solidified at a relati- 
vely faster rate, when the average dendrite arm spacing is less than the 
average interfibre spacing, the effect of fibre on microsegregation is negli- 
gible. However, when the solidification rate is low, so that the average 
dendrite arm spacing is more than the average interfibre spacing, micro- 
segregation is reduced significantly as compared to the unreinforced matrix 
material (143). 

The dispersed particles in metallic melt are expected to have a rather low 
probability of being suitably oriented with respect to the advancing solidi- 
fication front to form specific low energy interface (132,144). However, 
the presence of a variety of particles like graphite, shell char, zircon, 
illite clay and massive alumina in solidifying Al-Si alloys has been reported 
(30,41,145) to lead to preferential nucleation of primary silicon on the 
surfaces of these particles. Cisse et al. (55) added a master alloy of SAP 
rods containing 10% of Al^O^ in hypereutectic Al-Si alloy and found that 
direct additions of finely dispersed alumina nucleated silicon but not alumi- 
nium. Quaternary alloys containing both alumina (added as SAP) and sodium 
showed primary silicon refinement and eutectic modification. Freshly made 
alumina (i.e., not added externally but formed in the melt by some chemical 
reaction) is generally an effective nucleant for aluminium. Krishnan and 
Rohatgi (41) have reported that dispersion of 3 wt.% graphite particles in 
LM13 alloy melt leads to partial modification of the eutectic silicon. The 
modification is complete when sodium in elemental form or as a salt (Coveral 
29A) is added to LM13-3wt.% graphite particle composites, prior to graphite 
particle dispersion in the melt (41). This indicates that mechanical stirring 
of the melt during dispersion of graphite particles does not hamper the 
modification of eutectic silicon. In experiments in which the modification 
treatment was carried out after the dispersion of graphite particles only 
elemental sodium could lead to successful modification; total rejection of 
graphite particles was noted when halogen based coveral 29A was used after 
the dispersion of graphite particles. This could be due to the adverse effect 
of chlorine or chlorine bearing gases on the wetting of graphite particles 
with molten aluminium. The modification of eutectic silicon in the presence 
of suspended particles appears to be atleast partially promoted by the pre- 
ferential concentration of silicon on the surfaces of these particles. However, 
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the exact mechanism for modification of eutectic silicon in presence of dis- 
persed particles has not been discussed and the discussion is solely confined 
to the microstructural features of growth of the phases. 

2.2.6 Physical and Mechanical Properties 

The density of aluminium alloys is found to decrease with the addition of 
graphite particles (38). The thermal conductivity and expansion coefficient 
of aluminium alloys decrease with graphite addition (146). The damping capa- 
city of aluminium base alloys is improved by incorporation of graphite parti- 
cles in the matrix (147). It is reported (148) that the damping capacity 
of aluminium alloy spherical graphite particle composites (size: 350-550 urn) 
is superior to liiat^aluminium alloy-flake-shaped mica particle (size:40 ^m) 
with the same volume percentage of particle. It has been suggested that 
graphite particles may be more effective than mica in increasing the damping 
capacity since the lower shear strength of graphite compared to mica can 
dissipate a considerable fraction of the energy of the propagating elastic 
wave by microplastic deformation of the particle itself (147). 

Hardness and tensile strength of aluminium alloy decrease with progressive 
addition of graphite particles. Based on micromechanical modelling, Majumdar 
et al. (84) have shown that for homogeneous distribution of graphite particles 
in ■aluminium alloys, the values of strength obey a two third (2/3) power 
law of the form, 

^ . 1 - 1.5 2.7 

P 

where, and are the ultimate tensile strength (UTS) of composites 

and pure matrix respectively and Fp is the volume fraction of particles. 
Fig. 2. 10 shows the normalised ultimate tensile strength of aluminium-graphite 
composites (84). Porosity in the castings of metal matrix particle composites 
can considerably reduce the ultimate tensile strength (149). A linear decrease 
of UTS of cast particulate composites With increases of porosity level in 
castings has been reported in (149) in the low porosity regime. Considerable 
improvement in strength, ductility and hardness of aluminium-alloys particle 
composites have been reported (150-158) as a result of thermomechanical 
processing e.g., hot extrusion, rolling and forging. Hot extrusion of squeeze 
cast Al-Si alloys containing graphite particles in different sizes and amounts 
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showed that UTS and ductility of extruded rods increased with increase of 
extending ratio (aspect ratio) of graphite particles (154). Hot extruded sam- 
ples showed cleavage fracture of graphite along tension direction (154,155). 
Extending ratio of graphite stringers decreased almost linearly with increase 
of extrusion temperature. The UTS of graphite dispersed hot extruded alloys 
decreases with decrease of graphite content and increase in graphite size. 
With increasing degree of deformation, the aspect ratio of graphite 'particles 
increases possibly due to the fact that the ratio of the hardness of particles 
to that of matrix becomes less than a critical value (158). This ratio goes 
up with rise in temperature. Polycrystalline graphite has a low shear modulus 
along the basal plane and hence it is easier to deform it under the combined 
effect of shear and compressive stresses which exist during the thermomecha- 
nical ■ processing operations. The improvement in mechanical properties, result- 
ing from hot working, has been attributed (151) to a number of factors like 
refinement of structure, work hardening of the matrix, decrease in the size 
and number of pores, and deformation of particles into stringers. Fracture 
toughness of cast and forged aluminium-graphite particle composites has been 
determined, as a function of dispersoid size and amount by Pillai et al. 
(156) and a thermodynamic model has been proposed for the fracture of cast 
particulate composite by Ray (157). 

During the solidification processing of cast aluminium-graphite fibre composites 
residual stresses could develop owing to mismatch of thermal expansion of 
matrix and fibres (158). Mismatch of expansion coefficient and consequently 
residual stresses have been found to be low along transverse direction owing 
to the anisotropy of graphite fibres (158). Studies on cyclic deformation 
of composites show that fatigue life of cast Al-Si-Graphite particle composites 
is impaired by both increase in silicon and graphite contents (129). 

The length of the chip produced during machining of aluminium alloys is 
considerably reduced by progressive addition of graphite particles (147), 
finer particle dispersions leading to shorter chip length at a given machining 
speed. The decrease in chip size will be of advantage in automated, fast 
machining operations where long chips have a tendency to get wrapped round 
the tool. Microscopic examination of machining chips showed that graphite 
particles on the chip surface are frequently smeared in a plane parallel 
to the chip surface (147). This could account for reduced power consumption 
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and less wear of tool during machining of the composites. Recently, Brown 
and Surappa (159) have reported that forces required for machining is less 
in Al-Si-graphite composites than those for Al-Si alloys, because of lower 
tool-chip friction. The machined surfaces of Al-graphite composites is 
reported to be rougher than similar surface without graphite. 

2.2. Z Rapdily Solidified Metal Matrix-Particle Composite 

In recent years considerable attempts are made to produce rapidly solidi- 
fied aluminium alloy matrix-particle composites in order to combine the 
advantage of dispersed particle and rapidly solidified structures of the 
matrix. Various techniques are evolved to synthesise rapidly solidified metal- 
matrix particle composites, some of these are described below: 

i. Spray Codeposition: Spray codeposition technique has been deve- 

loped by Singer and coworkers (160^161) at the University College 
of Swansea, U.K. In this process, the second phase particles are 
injected into the atomised stream of molten matrix material in such 
a way that a homogeneous matrix is formed in flight which is then 
deposited onto a suitable substrate. The above operation is followed 
by the consolidation of as-deposited strip to finished composite 
strip. This technique overcomes the difficulties of gravity separation 
of the particles and interaction with the matrix. Singer and coworkers 
(161) have successfully incorporated particles including SiC, Al^O^, 
chilled iron, graphite, sand particles and mixtures of these upto 
36 vol.% in a matrix of aluminium and aluminium-silicon alloys. The 
microstructural examination of as-codeposited and consolidated com- 
posite showed that a homogeneous distribution of particles was obtai- 
ns 

ned and no significant ihterfacial compound was formed. This^possibly 
because of very short time of solidification of the matrix. The 
tensile strengths of the composite materials were" found to be slightly 
higher than those of the matrix material itself for aluminium matrix 
composites. The coefficient of friction of these composites were found 
to be higher compared with that of the conventional friction material. 

ii. Laser Melt Particle Injection: The recent availability of high power 

• directed energy . sources such as the electron beam and the different 
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iii. 


types of lasers, has led to the development of rapid melting and 
solidification techniques in which a bulk substrate which is in 
intimate contact with a molten layer, acts as the quenching medium. 
Since the melt and the substrate are in intimate contact, the heat 
transfer coefficient between the two tends to infinity. Ayers et al. 
(T62-164) at the Naval Research Laboratories (NRL), Washington, 
USA, have developed laser melt-particle injection process in which 
surface of a wide variety of metals and alloys are impregnated with 
hard wear resisting particles. Attempts have been made to disperse 
WC and TiC particles in various matrix materials e.g., Ti-6A1-4V, 

commercial purity Ti, 304 stainless steel, 4340 tool steel, 1018 steel. 
Inconel X-750, 5052, 2024, 6061 aluminium, aluminium bronze etc. 

The carbide powders are blown into the melt pool by a stream of 
helium gas and is directed towards the melt by a fine copper nozzle. 

Melt Spinning: In this technique, the second phase particles are 

injected by a sand blasting gun, operated by pressurised helium 
gas, after the liquid metal or alloy is blown through the nozzle but 
before it freezes into a ribbon. This method minimizes the contact 
time between the second phase particle and the liquid alloy and 
offers a potential route for adding wide variety of particles since 
it restricts the opportunity for reaction at the particle matrix inter- 
face. Zielinski and Ast (165) have dispersed TiC and WC in rapidly 
solidified ' amorphous Ni^^SigB^ ribbon. Their result showed that 
the WC particles could enhance the yield strength of the amorphous 
ribbon and are capable of altering the slip distribution of the speci- 
men. Kumura et al. (166) have dispersed Cr^O^, ZrO^ particles in 
amorphous Co^g 5 ^^10^15 with an intention to develop 

magnetic composite. 
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2.3 Wear 

Wear is defined as the gradual removal of material from the rubbing surfaces. 
Wear of a material is controlled by the material characteristics as well 
as test parameters such as applied pressure, sliding speed, environment 
and the type of sliding interaction. Burwell (167) classified wear into the 
following major groups: adhesive, abrasive, corrosive, surface fatigue and 
erosive. 

(i) Adhesive or sliding wear: Adhesive or sliding wear occurs as a 

result of relative sliding between two surfaces under the influence of an 

applied load (168). In general, on a microscopic level, the machined surface 

of a material is not exactly flat but consists of sharp asperities. When two 

solid surfaces are brought in close proximity, the surface would be touching 
only at a few points, and they adhere strongly to each other and form aspe- 
rity junctions. As the contact area is very small, the pressure exerted on 
each asperity is extremely high. This results in elastic and plastic defor- 
mation of the softer of the two materials in contact, until the areas of the 

contact junctions are large enough to support the load. If the strength of 
the junction is more than the shear strength of the softer material then 
during sliding action the tangential force will shear the softer junctions 

and leave clean surface at the softer asperity. 

A critical evaluation of the assumptions of the adhesion theory of wear leads 
to the following points (169): 

a. The adhesion theory of wear assumes that the material removal due 

to shearing of junctions is only possible when the strength of the 

junction is more than the shear strength of the softer material. This 

proposition is questionable because the interface can not be stronger 
than the contacting materials since it is likely to contain vacancies, 

impurities or oxides. Therefore, complete adhesion and material remo- 
val may not be possible. 

b. Adhesion theory does not make any concrete predictions on how the 

fracture occurs in one of the surfaces. 

c. The theory also ignores the controlling effect of friction force on 

, the .wear rate. . 
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d. Adhesion theory does not consider the structure and the mechanical 
properties of the materials. 

Suh et al.(169) have proposed the delamination theory in order to explain 
the sliding wear of material and the generation of flake-type wear debris. 
This theory describes the following sequential events which lead to loose 
wear particles: during sliding wear, the normal and tangential loads are 
transmitted through the contact points by adhesive and plowing action. The 
asperities of the softer material may either be deformed or fractured. This 
makes the surface of the soft material smooth and the contact is not just 
an asperity to asperity, but rather asperity to plane. The surface traction 

exerted by the hard asperities on the softer surface induces plastic deforma- 

tion. The continuous deformation results in void formation below the sliding 
surfaces. Void nucleation on the surface is ruled out as the compressive 

state of stress is maximum at the surface. Once, the cracks are nucleated 
further loading and deformation cause cracks to propagate. When these sub- 
surface cracks reach a critical length they become unstable and shear to ' 
the surface at some weak positions. 

(ii) Abrasive Wear: Abrasive wear is accomplished by plowing or cutting 
action of hard particles on a relatively softer surface of the material. The | 
hard particles may be either loosely held between two sliding surfaces as I 
in three body abrasive wear or part of the second surface as in two body 
abrasive wear using abrasive papers. A semi-quantitative expression to pre- j 
diet abrasive wear was derived by Rabinowicz and coworkers(1 7 0, 1 71 ) assu- 
ming that the asperities on the hard surface are conical in nature. 

(iii) Corrosive Wear: Corrosive wear occurs whenever sliding takes place | 

in corrosive environments. Corrosion products are formed and their removal ‘ 
from the surface is accomplished by sliding action. I, 

(iv) Surface Fatigue Wear: Surface fatigue wear is caused by the removal 

of particle from the surface due to cyclic loading. This is generally asso- 
ciated with the surfaces in a rolling contact, where the friction coefficient 
is negligible. The wear mechanism is mainly governed by the formation of 
surface or sub-surface cracks and fatigue crack propagation. 
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(v) Other Types: Among the other types of wear, erosion is the most 

important one. Erosive wear by solid particle impingement arises from the 
impact of hard abrasive particles on a target surface. Erosive wear is caused 
mainly by cutting and deformation processes. In metals, the cutting action 
is dominated at a low angle of particle impact and deformation at high angle 
of particle impact. 

Since the present study involves the wear behaviour of aluminium-silicon 
alloy-graphite particle composites, it would be worthwhile to first review 
the literature on the sliding wear behaviour of Al-Si alloys. 

2.3.1 Sliding Wear of Aluminium-Silicon Alloy 

There have been several reports describing the wear of Al-Si alloys against 
steel disc (172-188). Effect of factors like applied load, silicon content, 
silicon morphology on dry sliding wear of Al-Si alloys have been established 
and described below. 

(i) Effect of Load: In general, laws of adhesive wear predict a linear 

relationship between the wear rate and applied load (168). However, such 
a relationship is not found to be valid for Al-Si alloys. These alloys show 
a non-linear wear behaviour and the wear rate increases as the pressure 
is increased. Shivanath et al.(174) have reported a transition from mild 
wear to severe wear as the load is increased (See Fig. 2. 11). This transition 

load has been reported to depend upon the silicon content, as is clearly 

shown in Fig. 2. 12. Clarke and Sarkar (175) have also shown that the varia- 
tion in wear rate with applied load depends upon the silicon content. The 

wear rates of Al-Si alloys with silicon content 1.8 and 6.3% increased with 

load at an accelerating rate (Fig. 2. 12a) and for alloys containing 11,13,15,16 
and 21% silicon, the wear rate increased with load at diminishing rate 

(Fig. 2. 12b). 

(li) Effect of Silicon Content: There is a controversy over the optimum 
silicon content in aluminium as far as wear resistance is concerned. It has 

been reported (173,175,180) that near eutectic Al-Si alloys offer better wear 
resistance than the hypereutectic alloys. Some investigators (184,185) have, 
however, shown that hypereutectic Al-Si alloys offer better wear resistance. 
Okabayashi and Kawamato (183) have reported that it is the amount of 

primary silicon present in hypereutectic alloy rather than the degree of 
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silicon refinement obtained which improved the wear resistance. Shivanath 
et al. (174) have also shown that increasing the silicon content is bene- 
ficial as far as the wear resistance of the alloys is concerned. Wear behaviour 
of aluminium containing 14.5, 17 and 25% silicon showed that intermediate 

amount of silicon has the maximum wear resistance (184). 

(iii) Effect of Silicon Morphology: The effect of silicon morphology on 
the wear behaviour of Al-Si alloys has been studied by several investigators 
(56,183,186-188). Okabayashi and Kawamoto (183) varied the silicon size 
by modification with phosphor-copper and found that decrease in silicon 
size improved the tensile strength but had no effect on the wear rate. Similar 
observations were made by Colligan (186). Based on the observation of clu- 
tches, cylinder liners and pistons in service, Stonebrook (187) has reported 
that the quantity rather than the size of the silicon is an important para- 
meter controlling the wear rate and a higher silicon content would be desira- 
ble. Clegg and Das (56) have reported that structural modification of hyper- 
eutectic Al-Si alloy did not produce any significant difference in the wear 
resistance of the alloy. However, Subramanion and Kishore(44) have shown 
that the initial size of silicon controls the wear rate of near eutectic Al-Si 
alloys. Their results indicate that modification of eutectic silicon with 
coverall 36A as well as hot working improves the wear resistance. 

2.3.2 Study of Wear Surfaces 

Studies of the wear surface of Al-Si alloys have been carried out by a 
number of investigators (172-182,188) and the mechanisms of wear discussed 
extensively. Clarke and Sarkar (178) proposed that transfer and back transfer 
of low yield stress material results in formation of loose wear particles. 
As the sliding action begins, the low yield stress material is transferred 
and deposited on hard counterfaces. Once it exceeded a critical number of 
layers, wear particles were produced. It has also, been reported that the 
wear debris are generated by the mechanism of nucleation and propagation 
of cracks in the surface as well as in the subsurface region (176) by conti- 
nuous plastic deformation. The subsurface studies confirmed that the cracks 
are propagated along the wear track and terminated at the surface forming 
the wear particles. Clarke and Sarkar (177) have studied the surface topo- 
graphy of Al-Si alloys in dry sliding condition and shown various topogra- 
phical features such as adhesive delamination, granular delamination, plow 
cracking, shear dimpling, roof tile lamination and inclined shear plates. 
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2.3.3 Subsurface Deformation 

Subsurface deformation studies on Al-Si alloys were reported by several 
investigators (172,176,179). The depth of the subsurface deformation was 
found to increase with bearing pressure and sliding speed (179). Rohatgi 
and Pai have reported (172) that deformed subsurface of Al-11%Si alloy con- 
sists of fragmentated silicon needles uniformly distributed in primary alu- 
minium matrix. The average size of fragmentated silicon was not a function 
of the bearing pressure and sliding speed (179). A recent study by Antoniou 
and Borland (182) has shown a correlation between the wear particles and 
wear surfaces. They have reported that deformation, compaction and fracture 
mechanisms governed the formation of debris at low load region and at high 
loads debris are formed by a ductile shear mechanism. However, both the 
mechanisms were reported to be operative at intermediate loads. 

2.3.4 Aluminium-graphite Composites 

Although Al-Sl alloys possess many of the essential properties for tribolo- 
gical applications, their use as an efficient antifriction material has been 
limited because of the poor resistance to seizure when run under boundary 
lubrication condition. To minimize the seizure, several authors have dispersed 
graphite^ a well known solid lubricant jin Al-Si alloys. 

There have been several studies to evaluate both the dry (42-44) and lubri- 
cated (23,26,45,46,189) sliding wear of aluminium alloy-graphite particle 
composites, measured against rotating steel disc using a pin-on-disc apparatus. 
Since there is no universally accepted procedure for evaluating the sliding 
wear, different investigators have used different experimental procedures 
and conditions, including hardness and roughness of sliding surfaces, sliding 
distance, sliding speed and load. To avoid the effect of some of these test 
variables Prasad and Rohatgi (190) have used normalised wear rates, defined 
as the ratio, of the wear rate of the composites to that of the matrix alloy. 

2. 3. 4.1 Dry Sliding Wear 

Gibson et al. (42) have studied the effect of graphite dispersion in Al-Si 
alloys on the dry sliding wear behaviour. The composites were produced 



55 


by compocasting followed by squeeze-casting. The coefficient of friction and 
temperature rise of the composite pin in pin-on-disc wear test are shown 
in Fig. 2. 13. It can be seen that both coefficient of friction and temperature 

rise of the wear pin decrease with increase in graphite content. They have 
also reported that dispersion of 2 wt.% graphite particles in Al-Si alloys 

improves the wear resistance of the base alloy and the alloy is found to 

maintain mild wear. However, at higher (>8 wt.%) graphite contents, the 
alloy is so weakened that yielding occurs and a severe rate of wear is main- 
tained. Biswas and Pramila Bai (43) have also evaluated the dry sliding 

wear of cast LM13 alloy containing 2.7 and 5.7 wt.% graphite particles (size: 
50-200 ^m). Their results showed that dispersing graphite particle in Al-Si 
alloy deteriorated the wear resistance. This contradicts the results of Gibson 
et al.(42) for low graphite composites; however for high graphite composites 
the results are in agreement. Such disagreement in the results of wear beha- 
viour of low graphite content composites is expected because of higher ducti- 
lity achieved in composites produced by compocasting followed by squeeze- 
casting as compared to that in cast composites. For example, the percentage 
elongation of compocast followed by squeeze-cast Al-12/oSi-4% graphite compo- 
sites is reported to be 5% whereas, the elongation is below ^% for 
cast Al-12%Si (LM13) ailoy-3% graphite particle composites. Subramanian and 
Kishoix(44) have evaluated the effects of graphite type, modification of eute- 
ctic silicon and hot working on the wear behaviour of Al-Si alloy-graphite 
particle composites. Their results show that the modification of eutectic 
silicon in Al-Si-graphite composites structure and hot working of composites 
improved the wear behaviour as compared to the as-cast composites. 

2. 3. 4. 2 Lubricated Wear 

Under lubricated conditions aluminium-graphite composites showed improved 
seizure resistance (45,46) and better bearing performance (189). Prasad and 
Rohatgi (190) have compiled the normalised' wear rates of a variety of alumi- 
nium alloy-graphite composites (Fig.2.14). It can be seen that the normalised 
wear rates of aluminium alloy containing different weight percentages of gra- 
phite particles is less than unity. Pai et al.(46) have shown considerable 
reduction in friction coefficient at the mating interface and reduction in tem- 
perature rise in wear pins made from aluminium alloy-graphite particle compo- 
sites. The temperature of some Al-Si-Ni alloy-graphite composites as a func- 
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2 

tion of time was monitored at a pressure of 0,0372 kg/mm with continuous 
lubrication and when the supply of lubrication was discontinued after one 
minute of running (Fig. 2, 15). For alloys with 2.0 and 6.2% graphite the 
temperature reached a constant value after about 5 minutes. For other alloys 
with 0 and ^% graphite, the temperature rise was steep when lubrication 
was cut off, Bruni and Iguera (26) have also studied sliding wear of 
hypereutectic Al-Si alloy dispersed with nickel coated graphite particles. 
An improvement in wear resistance of composites as compared to that of 
base alloy was reported. 

2. 3. 4. 3 Bearing Performance 

Rohatgi arid Pai (45) have used the concept of minimum bearing parameter 
defined as ZN/P (where, Z is the coefficient of viscosity, N is the speed 
and P is the bearing pressure) as a measure of the seizure resistance (i.e. , 
resistance of a material to welding under pressure during sliding contact) 
of aluminium-graphite composites. During wear tests the composite specimens 
were subjected to progressively deteriorating lubricating conditions; i.e. , lower 
ZN/P), Lower the value of bearing parameter before seizure, higher is sei- 
zure resistance of the material. Pai and Rohatgi (45) have recorted that 

for Al-12 Si-5.3 Ni alloy containing various percentages of graphite particles, 
the minimum bearing parameter decreases with increasing graphite content 
upto 2.0wt.% graphite (Fig. 2. 16) and thereafter remains constant. In other 
words, 2.0wt.% graphite addition to the above alloy increases its seizure 

resistance enabling it to run under boundary lubrication conditions. The lowest 
ZN/P parameter reached by Al-12/oSi based composite containing graphite of 

various sizes fell within a narrow band when plotted against graphite content. 
This relative independence of shape and size of graphite particles was attri- 
buted to the extensive deformation of graphite on the mating surfaces during 
wear cycle. 

2. 3. 4. 4 Subsurface Deformation 

The excellent bearing properties of aluminium-graphite composites have been 
attributed to yielding of aluminium alloy matrix at relatively low stresses 
which enhances the tribo-induced deformation and fragmentation of surface 

and subsurface graphite particles even after a short running in period (23,189). 
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Fig. 2. 15 Typical Curve of Temperature Change 
with Time tor Alloys with Continuous 
Lubrication and Lubrication Discontinued 
Atter Imin. 



Bearing Parameter, ZN/P 



Fig. 2.16 Galling Behaviour of Graphite Aluminium 
Alloys as a Function of Graphite Content 
(Over a Size Range 20 to 400 Microns) 
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This provides a continuous layer of graphite at the mating interface which 
prevents metal to metal contact and thereby prevents seizure. 

2. 3. 4. 5 Oil Spreadability 

Krishnan et al.(191) have studied the spreadability of SAE 30 oil on -the 
surface of LM13 alloy and LM13 alloy-graphite composites. The area of spread 
of liquid film on the solid surface is taken as a measure of spreadability. 
Their results show that the spreadability of oil on Al-1 2%Si (LM13) alloy 
increased with increasing percentages of graphite dispersion. They have 
also reported that the oil spreadability of composites is higher than the 
matrix alloy. 

2. 3. 4. 6 Component Testing 

Bruni and Iguera (26) have evaluated the performance of Al-Si-graphite parti- 
cle composite (SILGRAF) cylinder liners in a 125 cc two stroke engine , 
a 1300 cc four stroke engine and a Ferrari Formula I 3000 cc four stroke 
engine. Their results showed that the use of composite cylinder liners could 
lead to higher power out -put compared to the conventional cast iron liners. 
Wear rates proved to be negligible in all the cases examined and sliding 
surfaces showed a thin film of graphite on liners after the tests. Use of 
an Al— Si alloy-3% graphite piston in a diesel engine has been reported (192) 
to result in reduction in the specific fuel consumption, at full load compared 
to graphite free standard piston. Journal bearing made out of aluminium-gra- 
phite composites have been evaluated under mixed and boundary lubrication 
conditions and are found to be superior to leaded phosphor bronze 
bearing (193). 
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CHAPTER 3 

SCOPE OF THE PRESENT WORK 

It can be seen from the material presented in chapter 2 that a number of 
attempts have been made to synthesise aluminium alloys dispersed with soft 
and hard particles. The object of dispersing particles in aluminium matrices 
is either to make the alloy harder (hard particle composites) so as to im- 
prove resistance to abrasion or to minimize friction between the sliding sur- 
faces (solid lubricant particle composites) by interposing layer of solid 
lubricant between the sliding surfaces, so that direct metal to metal contact 
is avoided. The present investigation is centered on the latter type of par- 
ticle composites. 

In the present studies, commercial LM6, LM13 and LM30 (Al-Si) alloys are 
used as the matrix and graphite particles are dispersed in these alloys 
by solidification processing techniques, which essentially consists of 
(i) melting of the aluminium alloy, (ii) introduction of graphite particle?, 
(iii) creation of homogeneous dispersion and (iv) solidification of the alumi- 
nium alloy particle composite melt. 

Graphite is a well known solid lubricant and during sliding action, layers 
of graphite are formed on the composite surfaces-, these minimize friction 
and consequently wear of material. The solidification behaviour of aluminium 
alloy melt dispersed with graphite particles is very important as far as 
the final distribution of the particles is concerned. Graphite particles, gene- 
rally, tend to float due to density differences to the top of the casting. 
It is therefore desirable to solidify the composite melt with a high cooling 
rate so that less time is available for the graphite particles to float. The 
compatibility between the primary crystallizing phase e.g., aluminium in 
hypoeutectic Al-Si alloys, and graphite particle is essential for better distri- 
bution of particle. However, such compatibility does not exist between the 
liquid aluminium and graphite particle and it is likely that the graphite 

particles are pushed by the primary aluminium dendrites into the eutectic 
' ■ "th €. , 

liquid which is^last phase to solidify. Therefore, it is an interesting subject 
to be studied the exact location of graphite particles in the composite matrix. 
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It is clearly established in the last chapter that subsurface deformation, 
crack nucleation and propagation at subsurface region are the basic mechanisms 
involved in the wear of material. This suggests that matrix microstructure 
plays an important role in controlling the wear behaviour. To make the alloy 
stronger and more ductile, it is proposed to alter the silicon morphology 
from faceted .plates to more or .less spheroidal. This mitigates the stress 
concentration effect in the matrix and minimizes the propensity for crack 
nucleation. To confirm the above proposition a set of experiments are formu- 
lated, where the silicon morphology is changed right from coarse plate-shaped 
(in die cast condition) to an intermediate state of fine microfaceted (in Na- 
modified) to finally fine spheroidal (in heat treated condition) and the effect 
of variation in silicon morphology on the wear behaviour of Al-Si alloy and 
composites is studied. It has also been realised that the morphology of 
silicon can be altered by rapid quenching from the molten state wherein 
the growth of silicon is nearly isotropic, primary aluminium dendrites are 
refined and the solid solubility limit is increased. Rapid cooling techniques 
normally lead to the formation of ribbons, this imposes limitations on 
carrying out dry sliding wear experiments with the available facilities. 
However, the abrasion resistance of rapidly quenched Al-Si alloys has been 
studied in the present investigation. The results obtained are compared with 
that of die cast alloy. 

The literature presented in the prece ding chapter indicates that aluminium 
alloy-graphite composite offers excellent wear resistant material in lubricated 
sliding wear. It has been reported that the excellent bearing properties 
of aluminium alloy-graphite composites are due to yielding of the aluminium 
alloy matrix at relatively low stresses which enhances the triboinduced defor- 
mation and fragmentation of surface and subsurface graphite particles even 
after a short running-in period. Oil spreadability is increased due to 
presence of graphite dispersion. However, results on dry sliding wear beha- 
viour of aluminium alloy-graphite composites are conflicting; indicate improved 
wear resistance by the dispersed graphite particles but no indication for 
the formation of graphite film on the composite surface Is given. Therefore, 
the main objective of the present work is to show the conditions for graphite 
film formation on the composite surface during dry sliding wear and ranking 
the material (the various aluminium-silicon alloys) both in dry as well as 
partially lubricated conditions. 
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CHAPTER 4 

MATERIALS AND METHODS 


4.1 Materials 

4.1.1 Matrix Alloys 

Aluminium-silicon alloys are used extensively for the production of various 
types of castings due to their excellent fluidity and casting characteristics. 
In the present studies aluminium-silicon alloys (LM6,LM13 of near eutectic 
and LM30, hypereutectic) are used as matrix materials. The compositions 
of the alloys used are shown in Table. 1.1 

In the molten state, the LM6 alloy has a high degree of fluidity and its low 
shrinkage on solidification enables castings of intricate sections. LM13 alloy 
responds to heat treatment and possesses low coefficient of thermal expansion 
and good bearing properties. It is used for elevated temperature applications 
e.g., piston in internal combustion engines. Hypereutectic Al-Si alloys, such 
as LM30, have outstanding wear resistance and low value of thermal expansion, 
LM30 alloys are used to produce heavy duty internal combustion engine pistons. 
All the above mentioned Al-Si alloys are procured from Hindustan Aluminium 
Company, Renukoot, U.P., India. 

4.1.2 Graphite Particles 

Graphite Particles are obtained from Hindustan Electro Graphites (HEG), 
Mandideep, Bhopal, India. The particles are sieved using standard sieving 
practice with an intention to get particles within the size range of 63 to 
120 jjm. 

4.2. Melting Procedure 

The aluminium-silicon alloys are melted in a A-100 graphite crucible. In 
each experiment the quantity of aluminium alloy taken is fixed at 10 kc. 

A coke fired pit furnace is used for. melting the alloys; when the alloy 
reaches a semi-pasty stage the surface is covered with a fluxing agent, 
Coveral-11, marketted by M/s. Foseco Greaves, Pune. About 70 grams of 
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the flux are added to 10 kg. of the molten alloy. The dross is removed 
from the surface of the melt using a refractory coated skimmer. The dissolved 
gases are removed by passing dry nitrogen gas into the melt for 3 minutes. 
Dross is also removed by nitrogen gas bubbling, most probably by mechanical 
action i.e., inert gas carrying the oxides to the surfaces of the melt. After 
degassing, the surface is again cleaned and the temperature of the melt 
increased to 740°C. It is worth mentioning that during degassing, the tempera- 
ture of the melt is brought down to 680°C. This takes care of minimum gas 
absorption during bubbling. This melting procedure is followed for all the 
three Al-Si(LM6,LM13 and LM30) alloys. 

Eutectic silicon in LM6 alloy is modified by the addition of elemental sodium. 

About 0.02 wt.% sodium is pushed into the LM6 alloy melt with the help 

of a plunger to the bottom of the crucible, before pouring. It is a well 

known fact ■ that sodium has a tendency to fume off at the melting temperature, 

so care has been taken not to hold the melt for a long time after sodium 

addition. In LM30 alloy, the silicon appears as large cuboids of primary 

silicon and plate shaped eutectic silicon. The refinement of primary silicon 

and modification of eutectic silicon are done by adding phosphorus and sodium 

respectively into the melt. Phosphorus refines the primary silicon and sodium 

modifies the eutectic silicon. Optimum properties are obtained by the addition 

US c-fc-h 

of phosphorus followed by so dium addition (e.g., ^in 3 minutes of the 

addition of the former). Before pouring, the melt temperature is again raised 
to 720°C and then poured in a 22mm diameter preheated (200°C) cast iron 
mold. 

4.2.1 Composite Preparation 

Al-Si-graphite particle composites are also prepared in the coke fired pit 
furnace. A-100 graphite crucible is used for melting 10 kg. of the Al-Si 
alloy, and A-6 . graphite crucible is used for preheating the graphite parti- 
cles. The main crucible, i.e., melting crucible is placed at the centre,; of 
the furnace and the small crucibles (A-6), used for preheating graphite parti- 
cles, are placed around the main crucible. Weighted amount of graphite parti- 
cles are placed in the small crucibles- and covered with steel lid. 
The melting practice i.e., fluxing and degassing is the same as discussed 
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above for base alloys. It is worth mentioning that during degassing the temp- 
erature of the melt was brought down to 680°C and before addition of graphite 
particles the melt temperature was again increased to 700°C. It is necessary 
that during the melting of aluminium alloys, the graphite particles should 
reach a temperature of around 900°C. It is noted that this temperature was 
attained just after half an hour. To ensure this, A-6 crucible containing 
graphite particles are placed just below the top level of the melting crucible 

and covered with coke. The graphite powder is now and then agitated with 

the help of a small spoon to achieve uniform heating and to remove the 
volatile matter. A steel stirrer, coated with ceramic, is used to produce 
vortex in the aluminium melt. The stirrer is fixed with a flexible pipe 
and rotated with the help of a 3-phase motor. The stirrer is placed into 
the crucible, containing the melt, to a distance equal to the radius of the 

stirrer from the bottom of the crucible. The stirrer is located centrally 
and kept vertical. The speed of the stirrer is maintained around 550 rpm. 
Fig. 4. la shows the stirrer assembly used in the present investigation to 
prepare the composite material. When the vortex is being formed, the graphite 
particles is added on the periphery of the vortex, with the help of a 
spoon. The graphite particles are drawn into the melt by the churning 
action of the stirrer. The uniform pattern of churning .is disturbed by 

the use of a baffle lowered into the melt along the side of the crucible. 
The baffle produces great amount of turbulence in the flow pattern of the 
melt and induces better mixing of graphite particles in the aluminium alloy 
melt. After complete addition of graphite particle, the speed of the stirrer 
is brought down to 400 rpm and the stirring continued for 3 minutes. The 
stirrer is then withdrawn from the melt; the bath is again degassed for 
4 minutes with dry nitrogen gas. Then the composite melt is ready for 

casting. A graphite coated spoon is used to take out the composite melt 
for pouring into the cast iron mold. Care is taken to mix the melt with 
the help of spoon before pouring to ensure uniform dispersion of graphite 
particles in the Al-Si alloy melt. 

Modification of eutectic silicon in LM6 alloy containig graphite particles. 

' ■ . ■ ' . As 

and refinement and modification of primary and eutectic silicon respectively 
in LM30-graphite particle composites are done. The initial experiments to 
modify the eutectic silicon, in LM6 alloy-graphite particle composites failed', 
as the graphite particles are ■ disperesed first and sodium is added after 
that, with a view to minimize the fuming of sodium. However, when sodium 
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is added before dispersing graphite particles, the sequence is found to 
be effective. To optimize the effective refinement and modification of primary 
and eutectic silicon respectively in LM30 alloy-graphite composites, five 
sets of experiments are conducted with various combinations of sodium, 
phosphorus and graphite additions. In the first heat about 10 kg. of LM30 
alloy is melted in a graphite crucible using a coke-fired pit furnace. After 
degassing with dry nitrogen, the melt is cast in a 22 mm diameter molds. 
The second heat involved addition of 0.028 wt.% phosphorus to the Al-Sl 
(LM30) alloy melt, after it is degassed with dry nitrogen gas. In the third 
heat, the melt is' degassed and 0.028 wt.% phosphorus and after a lapse 
of 5 minutes 0.288 wt.% sodium are: added. In the fourth set of heat, phos- 
phorus and sodium are added in the same sequence as described in the 
third set and after this, melt is stirred to .create a vortex and 3 wt.% 
graphite particles are dispersed in the melt. In the final set of experiment, 
0.028 wt.% phosphorus is added after the melt is degassed. The melt 
is then stirred to create vortex and 3 wt.% graphite particles are dispersed 
in the melt. Just prior to the casting, 0.028 wt.% sodium is added. In 
all cases the melt is cast in 22 mm cast iron finger molds. Table IV. 1 
shows the heat numbers and the sequence of adding phosphorus, sodium and 
graphite particle in Al-Si (LM30) alloy melt. 

4.2.2 Production of Rapidly Solidified Ribbons 

Al-Si alloys and Al-Si-graphite particle composites are rapidly solidified 

using single roll melt spinning unit. Fig. 4. 1b. The unit consists of a copper 

wheel, 150 mm diameter and 38 mm wide, mounted on a shaft. The shaft 
is attached to a 3-phase motor . and the wheel is rotated at a speed of 3000 
rpm. The whole assembly is mounted on a rigid base. A graphite crucible 
(size: A-5) with a hole of 1 .5 mm diameter is placed at a height of 6 mm 

above the wheel surface. The aluminium alloy as well as aluminium alloy- 

graphite composites are melted in coke fired pit ' furnace, as described 
in the preceeding sections, and poured in a A-5 crucible followed by pressu- 
rising the melt with argon gas in order to effect smooth flow of the melt 
through the hole. As the molten metal falls on the rotating substrate a solid 
boundary layer forms adjacent to the .chill substrate; this propagates into 
the melt puddle to form the ribbon. The momentum transport helps to drag 
out the ' melt puddle resulting in the formation of ribbons. The ribbon is 
collected in a ribbon collection chute. 
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Table IV. 1 : Heat Number and Sequence of addition of 
Phosphorus, Sodium and Graphite 


Heat No . 

Alloy /Composites 

1 

LM30 

2 

LM30-Phosphorus 

3 

LM30-Phosphorus-Sodium 

4 

LM30-Phosphorus-Sodium-Graphite 

5 

LM30-Phosphorus-Graphite-Sodium 
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It is worth mentioning at this point that in the case of aluminium-silicon- 
graphite particle composites, the temperature of the melt before pouring 
into the A-5 graphite crucible is 760°C and the hole at the bottom is 
2 mm. These changes are . made to take care of the increase in viscosity 

of . Al-Si alloy, due to dispersion of graphite particles. Initial efforts showed 
that the composite melt choked the passage in the A-5 graphite crucible 
when a hole of 1.5 mm diameter is used. The increase in pouring tempera- 
ture (760°C) and diameter of the hole (2mm) in the A-5 graphite crucible, 

takes care of the increase in viscosity of the Al-Si melt due to the presence 

of graphite particles. 

4.2.3 Heat Treatment 

Aluminium-silicon LM6 and LM13 alloys and composites are heat treated 

in a tube furnace. Samples are solution treated at 520°C for 8 hours, quenched 
in warm water at 60°C, and aged at 180°C for 6 hours. The LIV130 alloy and 
composites are solution treated at 495°C for 9 hours, quenched in warm water 
at 60°C and aged at 175°C for 8 hours. 

4.3 Methods 

4.3.1 Particle Size Analysis 

Particle size distribution of graphite is determined using MICRON PHOTOSIZER 
model SKO 2000, Japan. The graphite powder is dispersed in ethylene glycol 
using ultrasonic disperser. The instrument works on the principle of stoke's 
law of sedimentation and photo extinction. The results are expressed in terms 
of accumulated wt.% distribution curve and % frequency of particle size 
histogram. 

4.3.2 Optical Microscopy 

For optical microscopic observation the samples are' polished mechanically 
using standard metallographic procedure, etached with Keller's reagent and 
observed in a Leitz optical microscope. Rapidly solidified ribbons are cold 
mounted and then prepared for microscopic examination. 
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4.3.3 Scanning Electron Microscopy 

Samples af'e prepared, as described above for optical microscopy, and 

observed in a JEOL 35 CF scanning electron microscope, interfaced with wave- 
length dispersive X-ray spectrometer (WDXS). In order to observe the silicon 
morphology, the samples are etched deeply and coated with a thin layer 
of gold using a sputtered unit (model: JEOL JFC-1100). Worn out surfaces 
of wear samples are also observed in SEM. The debris particles are spread 
on a double sided adhesive tape and coated with gold and studied in the 
scanning electron microscope. Graphite particles in Al-Si matrix and in the 
worn surfaces are studied with the WDXS using STE as the analysing crystal. 

# 

4.3.4 X-ray Diffraction 

X-ray diffraction studies of the samples are carried out using philips auto- 
mated powder diffractometer employing Cu-K«c radiation at 20°C. The debris 
particles are spread on a double sided adhesive tape and x-ray diffractogram 
obtained; from the 20 values of the peaks, the interplanar spacings are 
calculated. The values of the latter are used for identifying the phases. 

4.3.5 Tensile Testing 

The tensile strength of aluminium-silicon (LM6,L1V113 and LM30) alloys and 
aluminium-silicon-graphite particle composites in as-cast, refined and modified 
and heat treated conditions is measured using Instron machine (model:1 185) . 
For tensile testing 50 mm gauge length and 10 mm diameter specimens are 
used, and the test are carried out at a cross head speed of 2 mm/min. 

4.3.6 Hardness 

The hardness of aluminium-silicon alloys and aluminium-silicon-graphite particle 
composites is measured using hardness testing machine (model: HMO 2450). 
Brinell hardness number (BHN) of the specimens is obtained using 
a 2.5 mm diameter hardened steel ball indenter. A load of 31.25 Kg is applied 
for 10 seconds. 
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4.4 Sliding Wear 

4.4.1 Dry Sliding Wear 

Sliding wear tests are carried out using a Cameron-Plint pin-on-disc machine 
(model: TE 0.97), Fig. 4. 2 shows a photograph of pin-on-disc machine. The 
machine essentially consits of a disc mounted on a mandrel with two pins 

pressed into contact with the opposite surfaces of the disc by means of 

hydraulic cylinders. However, in the present investigation only one pin is 
used. Fig. 4. 2a shows the pin-on-disc apparatus and a magnified view of 
the disc (A) and sample holder (B) is seen in Fig. 4. 2b and the actual posi- 
tion of the pin and disc during testing is shown schematically in Fig. 4, 2c. 

The disc is allowed to rotate with the help of a 750 watt 3 phase motor, 
having 14 speeds ranging from 25 to 2150 rpm. The pins which are held 
against the rotating disc are of 8 mm diameter and 53 mm long, are located 
vertically below the axis of the disc at a distance of 40 mm. The pressure 
on the samples is applied by means of a precision dead weight pressure 

tester, operated manually by hydraulic system with a plunger loaded with 

dead weight. Pressures upto (15 MPa) can be applied on the sample. The 

machine is attached with a control cabinet, indicating rpm, cumulative number 
of revolution , temperature of the pin and friction force. In the present expe- 
riments, the samples to be tested are taken in the form of a pin and are 

allowed to slide against a heat treated steel (EN25) disc. For dry sliding 

wear test the disc is rotated at a constant speed of 640 rpm. Wear track 

diameter of 80 mm is employed. This corresponds to a sliding speed of 

2.68 m/sec. The rise in temperature during the test is monitored with 

the help of a chromel-alumel thermocouple, which’ is inserted into the 
hole in the sample made at a distance of 1.5 mm away from the sliding 

surface. The wear rate is computed from weight loss measurements taken 

in intervals of 500 m of sliding distance. Before and after each test, samples 
were cleaned in methanol using an ultrasonic bath and weigh+ is taken using 

a Metier H 51 AR balance, with an accuracy of 0.01 mg., 

4.4.2 Partially Lubricated Sliding Wear 

Partially lubricated wear tests af'e performed using a modified test proce- 
dure. In this series of experiment the heat treated, EN25 steel disc is 
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(b) 


Fig. 4.2 (a) Pin-on-Disc Wear Test Apparatus , 

(b) Magnified view of the Disc (A) and Sample 
Holder (B) 

(c) Actual Position of Pin and Disc Assembiy 
During Wear Testing. 
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dipped in SAE30 lubricating oil. The excess oil is flushed off from the 

disc by rotating it for 5 sec. before the test. The procedure adopted for 

evaluating the pressure (P) velocity (V) limits is given below. 

All the partially lubricated sliding wear tests are carried out upto a sliding 
distance of 2500 m. Speed of disc rotation is fixed at 330 rpm (corres- 
ponding to a sliding velocity of 1.38 m/sec. A load of 1.0 MPa is applied 

on the specimen. The test is run for 2500 m. If the sample did not seize 
at this load, the disc is removed, cleaned, reimmersed in SAE 30 oil, 
excess oil flushed off as described above and the applied pressure is 

increased in steps of 0.5 MPa. When the applied load exceeds a certain 

critical value, specimen is found to seize before it could reach a distance 
of 2500 m. The load at which it seized is taken as the limit of the pressure 
at this speed. The procedure is repeated at three other speeds viz. 640 

rpm (2.68 m/sec.), 800 rpm (3.35 m/sec.) and 1100 rpm (4.61 m/sec.). 

The temperature of the test pieces is also monitored using chromel- alumel 
thermocouple. 

4.4.3 Subsurface Studies 

The sample from which subsurface study is to be made, is placed in 

a mold. The cold mounting material is filled upto a certain height so that 

the sliding surface remained well below the top surface of the cold mount. 
After proper setting of the cold mount material, the wear pin is- sectioned 
centrally in the longitudinal direction along the length of the wear pin. 

The sectioned surface is polished mechanically using standard metallographic 
procedure, etched with Keller's reagent and observed in the scanning electron 
microscope. 

4.4.4 Abrasion Test 

Abrasive wear test is performed using a Suga abrasion tester, model NUS-I. 
in this apparatus strips of SiC(|2) abrasive paper are fixed to the circum- 
ference of a 50 mm diameter wheel using double sided adhesive tape. The 
sample is held against the rotating abrasive wheel and the load is applied 
by a cantilever mechanism. During the test, the samples are moved hori- 
zontally back and .forth and the , : motion of the wheel and specimen 
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is synchronised such that only fresh areas of the abrasive paper came 
into contact with the specimen. The distance covered in one full reciproca- 
ting cycle, i.e., twice the distance between two extreme positions of the 
specimen is 66 mm. Specimens of rapidly solidified aluminium-silicon (LM13) 
alloy are prepared, for the abrasion test, by glueing the strips (dimension: 
40 mm long and 12 mm wide) to 4 mm thickness rectangular plate substrate. 

3 

Specimens of the die cast alloy of dimensions 40x60x4 mm are also sub- 
jected to the abrasion test. After a desired number of cycles (400), the 
samples are removed, the surfaces cleaned in methanol using an ultrasonic 
bath and the wear rates are computed from weight loss measurements. 

4.4.5 Surface Roughness Measurement 

The roughness value of the steel disc is measured using a stylus instrument 
model 'Talysurf 6' of Taylor-Hobson (Fig. ,4. 3). The instrument essentially 
consists of a sharp pointed stylus which rests lightly on the surface and 
traverses slowly across it. The up and down movement of the stylus along 
a suitable datum can be magnified. Rotary attachement of the unit in R/ISO 
mode with 0.08 mm cut off length is used for roughness measurement. The 
roughness parameter is designated as Rq., which is a arithmatic mean of 
the departure of the roughness profile from the mean line. The roughness 
parameter of the disc is measured before commencement of each test and 
it is fixed at 0.03 urn. 




78 


CHAPTER 5 

RESULTS 


5.1 Introduction 

Results on the characterisation of graphite particles as well as LM6, LM13 
and LM30 (Al-Si) alloys and composites in die cast and rapidly solidified 
conditions are presented in .the first few sections of this chapter. Graphite 
particles are characterised using X-ray diffraction, scanning electron micros- 
copy and particle size analysis. The size range of the graphite particles, 
which are dispersed in aluminium alloys for the preparation Of composites, 
are evaluated using, micron photosizer, particle size analyzer. Morphological 
studies on graphite particles are carried out by scanning electron microscopy. 
Wavelength dispersive X-ray microanalysis is used for elemental analysis. 
The results of the microstructural observations of Al-Si alloys and composites 
are shown in section 5.3.1, 5.3.2 and 5.3.3. Remaining sections of this 
chapter deal with the results of friction and wear behaviour of Al-Si alloys 
and composites. 

5.2 Characterisation of Graphite Particles 

5.2.1 X-ray Diffraction 

The as-received and heat treated graphite particles are studied using 
a Philips 1710 automated X-ray diffractometer. Table V.1 shows the experi- 
mental parameters used in these studies. Typical X-ray diffractograms of 
graphite particles in as-received and heat treated conditions are shown in 
Fig. 5.1. Peaks corresponding to (0002), (1010), lOTl), (0004) and (1013) 

planes of graphite are clearly seen in both the as-received and heat treated 
conditions. The diffraction angle (20), interplanar spacing (d) and relative 
intensities are also shown in Table V.l alongwith the standard interplanar 
spacing obtained from JCPDS (Joint Committee of Powder Diffraction Standard) 

files. 



Table V.l : X-Ray Diffraction Results of Graphite Particle 


79 








81 


5.2.2 Particle Size Analysis 

The size distribution of graphite particles is analysed using particle size 

analyser. Particle size distribution is expressed in terms of accumulated 
wt.% distribution and percentage frequency of particle size. The parameters 
used to ascertain the particle size distribution are shown in Table V.2. 
Size ranges corresponding to percentage of the total number of particles are 

also brought out in Table V.2. The percentage frequency, of particle size 
distribution is shown in Fig. 5. 2. The results depict that 13% of particles 

are found to have size below 10 jum, around 8% of particles are in the size 
range of 10-50 jjm; 50% of the particles lie in the size range of 50-100 jjm. 
Another 13% of particles lie in the size range of 100-130 jum and 16% of 
particle between 130-150 |um. 

5.2.3 Scanning Electron Microscopic Studies 

The morphology of graphite particles is studied by scanning electron micros- 
copy. Typical micrographs of the graphite particles, used in the present 
investigation, are seen in Fig. 5. 3. a. It can be seen clearly in the magnified 

scanning electron micrograph, Fig. 5. 3. b, that the graphite particles are 
flaky in nature. 

5.3 Microstructure 

5.3.1 LM6 Alloy and Composites 

The microstructures of Al-Si (LM6) alloy and composites are studied by 
optical and scanning electron microscopy. Fig. 5. 4 shows typical scanning 
electron micrographs of die cast LM6 alloy in unmodified (Figs.5.4 a & b) 
and sodium modified (Figs.5.4 c & d) conditions respectively. The micro- 
structure of unmodified LM6 alloy (Fig. 5. 4. a) consists of primary aluminium 
with an average dendrite arm spacing (i.e. , centre to centre distance between 
two neighbouring dendrites) of 22 jjm. The eutectic silicon is observed in- 
the interdendritic region and around the dendrites. The plate-shaped eutectic 
silicon can be seen clearly in Fig. 5. 4. b, which is a magnified micrograph 
of the portion marked 'A' in Fig. 5. 4. a. Plate-shaped eutectic silicon with 
sharp edges acts as stress riser in aluminium matrix and largely hampers 
the mechanical strength and fracture behaviour of the alloy. The undesirable 
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Table V.2 : Graphite Particle Size Distribution 


PARAMETERS 


Sample 

Graphite 

Particle 

Sample Density 

2.25 gm/cc 

Dispersion Medium 

Ethylene 

glycol 

Medium Density 

1.1132 


Medium Viscosity 

18.50 


Room Temperature 

23°C 


Medium Temperature 

23°C 



Size Range 

% of the total 
number of 
particles 

Average Particle Size 
( pm) 

up to 10 [jm 

13 


10-50 pm 

8 


50-60 pm 

12 
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130-140 pm 
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10 
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Fig. 5.2 Size Distribution of Graphite Particles. 
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growth of eutectic silicon can be restricted to a large extent by adding 
minute quantities of elemental sodium. Fig. 5. 4. c shows a representative micro- 
structure of sodium modified LM6 alloy. It consists of primary aluminium 
and modified eutectic silicon. The modified eutectic silicon is clearly seen 
in a magnified micrograph (Fig. 5. 4. d). Although the anisotropic growth of 
eutectic silicon is largely restricted in the modified alloy, the faceted nature 
of eutectic silicon is still preserved. Intermetallic phases with different 
etching behaviour (black needles) are clearly seen in Fig. 5. 4. c. Fig. 5. 5. a 

shows an intermetallic phase in the LM6 alloy. X-ray mapping of aluminium 
and iron corresponding to intermetallic phase (seen in Fig. 5. 5. a) are shown 
in Fig. 5. 4. b and c respectively. It is clear that this particle contains a 

significant amount of iron. 

A remarkable change in the morphology of eutectic silicon is observed after 
heat treatment (Fig. 5. 6. a); the coarse plate-shaped eutectic silicon is frag- 
mented into smaller nearly spherical particles of average size of 6 jjm. 
The faceted nature of eutectic silicon characteristic of the die cast alloy 
is not seen in the heat treated alloy. However, in some places coarse irre- 
gular particles with smooth surfaces (marked S) are observed (Fig. 5. 6. b). 
Coarse intermetallic phases are also observed in heat treated Al-Si ^ LM6 

alloy (marked A) Fig. 5. 6. b and c). X-ray mapping shows the presence of 
aluminium and iron in these particles. 

A typical optical micrograph of LM6-3% graphite particle composite is shown 
in Fig. 5. 7. a. The distribution of graphite particles is clearly seen in 

Fig. 5. 7. a. The solidification behaviour of Al-Si alloy melt in the presence 
of graphite particles will be discussed in the sections to follow. Fig. 5. 7. b 
shows graphite particles in heat treated LM6 alloy matrix. It clearly deli- 
neates «C -aluminium dendrites and nearly spherical eutectic silicon. The gra- 

Y 

phite particles are seen to be located in the last ■^pezing eutectic liquid. 
A magnified micrograph. Fig. 5. 7. c, reveals a graphite particle and spherical 
eutectic silicon around it. A number of silicon plates with smoothened edges 
are also seen. 
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5.3.2 LM13 Alloy and Composites 

The microstructure of Al-Si, LM13 alloy is found to be very similar to that 
of LM6 alloy. In LM13 alloy, 1% Cu, ^% Mg and 1.5% Ni are added intentio- 
nally to make the alloy amenable to heat treatment. Fig. 5. 8. a shows a scan- 
ning electron micrograph of die cast LM13 alloy. It clearly shows primary 
aluminium dendrites; the average secondary dendrite arm spacing is .of the 
order of 20 jjm and eutectic silicon is seen in the interdendritic region and 
around the dendrites. Eutectic silicon has sharp edged plate-shaped morpho- 
logy, similar to the microstructure observed in LM6 alloy. A typical scanning 
electron micrograph representing branching of eutectic silicon is shown in 
Fig. 5. 8. b. Heat treatment of LM13 alloy is also found to alter the morpho- 
logy of eutectic silicon from plate-shaped to nearly spherical, Fig. 5. 8. c. 
A magnified micrograph. Fig. 5. 8. d, clearly reveals the morphology of eutectic 
silicon after heat treatment. The intermetallic phases observed in the heat 
treated LM13 alloy are clearly seen in Fig. 5. 8. e with a different etching 
behaviour (dark black particles, arrow marked). 

A typical optical micrograph of the LM13-3% graphite particle composite 
is shown in Fig. 5. 9. The distribution of graphite particles is clearly seen 
in Fig. 5. 9. The distribution of interparticle spacing and particle size of 
graphite particles in a die cast LM13-3% graphite composites is characterised 
by using quantitative metallography. The distribution of graphite particles, 
across three different sections along the ingot length-top, middle and bottom 
is studied. Further, the measurements are made for three successive pouring- 
initial, intermediate and final. Both interparticle spacings, and particle 
size data are collected and plotted as frequency histograms in Figs. 5. 10 
(a) and (b) respectively. The distribution of graphite particles in LM13-3% 
graphite composites along the casting length (a) top, (b) middle and (c) 
bottom portion of a casting chosen from the intermediate pouring is shown 
in Figs.5. 1 1 .a, b and c respectively. The percentage of the total number 
of particles in a specified interparticle spacing and particle size range of 
the composite castings are shown in Tables V.3 and V.4 respectively for 
initial, intermediate and last pouring of a processing schedule. The results 
indicated that around 56,58 and 62% of the -total number of particles are 
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Fig. 5. 8 Micrographs of LM13 alloy: (a) die cast condition 
(b) interconnected eutectic silicon (c) heat treated 
condition (d) magnified view of (c) and (e) optical 
micrograph of heat treated sample showing inter- 
metallic compound with different etching behaviour 
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Inter-particle Spacing, pm 

Fig. 5.10(a) Distribution of Interparticle Spacing in 

Die Cast LM13-3wt.®/o Graphite Composites 
Across Three Different Sections Along the 
Ingot Length (i) Top (ii) Middle (iii) Bottom 
for Three Successive Pouring -Initial, 
Intermediate and Final. 
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Pouring Pouring Pouring 
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Particle Size, pm 


Fig. 5.10(b) Distribution of Particle Size in Die Cast 
LM13-3wt.7o Graphite Composite Across 
Three Different Sections Along the Ingot 
Length (i) Top (ii) Middle (iii) Bottom 
for Three Successive Pouring - Initial , 
Intermediate and Final. 








Table V.3 : Distribution of Interparticle Spacing 
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Table V.A : Graphite Particle Size Distribution 
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found to be in the spacing range of 50-200 jjm corresponding to the top, 
middle and bottom of the initial poured casting along the length, respectively. 
Similarly in the intermediate pouring around 56,40 and 52^ of the particles 
are found to have spacing in the range from 50-200 jjm. In last pouring around 
41,50 and 41% of the particles are found to be in the spacing range from 
50-200 ^m. The mean interparticle spacing and size, x, and the standard 
mean deviation were calculated and are shown in Tables V. 5 and V.6 resp- 
ectively. The results indicate that the mean particle size is found to be 
very close to the size for maximum frequency, indicating absence of particle 
clustering. The interparticle spacing increases from the initial to last 
pouring, possibly due to the flotation of particles during the intervals bet- 
ween pourings. In general, the graphite particles tend to float to the top 
of the casting due to density differences (density of graphite = 2.3 gm/cc 
and density of LM13 alloy = 2.7 gm/cc); however, in the present investigation 
it is inferred from microstructural investigations that the solidification of 
composite melt in 22 mm diameter cast iron mold ended up with reasonably 
uniform distribution of graphite particles in Al-Si alloy matrices. 

5.3.3 LM30 Alloy and Composites 

The microstructure of Al-Si, LM30, alloy from heat no.1 is shown in 
Fig. 5. 12. a. The microstructure clearly delineates cuboids of primary silicon 
(average size around 100 |-im), dendrites of aluminium, ^the secondary arm 
spacing is measured to be 20 |um^ and plate-shaped eutectic silicon. The plate- 
shaped eutectic silicon can be seen in the interdendritic region. Fig. 5. 12. b. 
It is noted that primary silicon crystal grows in different shapes e.g. , 
plate -like as seen in Fig. 5. 12. a or combination of plates originating from 

a central nucleation sites as shown in Fig.5.12.c. Aluminium halo is also 
observed around the primary (marked A) and eutectic silicon (marked B), 
Fig. 5. 12. c. Phosphorus in elemental form was added to the hypereutectic 
Al-Si alloy in order to refine the primary silicon crystals. Typical micro- 

structures of unrefined (heat no.1) and refined (heat no. 2) silicon are shown 

s 

in Fig^.5,13 (a) and (b) respectively. It is noted from the figures that the 

average size of the primary silicon is reduced from 100 pm to about 50 pim 

due to phosphorus addition. However, the eutectic silicon appears to be 
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Fig. 5. 13 Optical micrographs of LM30 alloy: (a) unrefined 
condition, (b) refined primary silicon with phos- 
phorus (c) showing unmodified eutectic silicon in 
refined alloy and (d) refined and modified primary 
and eutectic silicon respectively 
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unaffected by phosphorus addition Fig.5,13.c. The microstructure produced 
(in heat no.3) when phosphorus and sodium were added is shown in 
Fig.5.13.d. It can be clearly seen that the primary silicon is refined and 
the eutectic silicon modified. 

The refinement of primary silicon and modification of eutectic silicon are 

also carried out in the LM30-graphite composites. The microstructural studies 

confirm that the eutectic silicon remained unmodified when sodium was added 

after dispersing graphite particles (heat no. 5) Fig. 5. 14, to avoid sodium 

fuming. In order to get the optimum properties, the sequence of addition 

of sodium and graphite was changed. In heat no. 4 sodium was added prior 

to dispersion of graphite particles so as to modify effectively the shape 

of 

of eutectic silicon. To take care^the sodium fuming while stirring the melt 
during dispersing graphite particles, excess sodium is added (0.288 wt.%) 

in the melt which is more than the optimum quantity (0.028 wt./o) required 
for modification. A typical micrograph of LM30-“graphite composite (heat 
no. 4) clearly shows graphite particles (marked A) and modified eutectic 
silicon, (Fig.5.15.a) . It is also interesting to note that in LM30-grSphite 
composite, the primary silicon is found to nucleate on the surfaces of gra- 
phite particle (marked A), Fig.S.IS.b, while the exact nucleation mechanism 
for selective affinities between the primary silicon and dispersed graphite 
particles are not clear at present. However, possible occurrence of a hetero- 
geneous nucleation event which promotes preferential nucleation of primary 
silicon on the graphite particle surface can not be ruled out. Another intere- 
sting feature observed is the absence of halo formation around the primary 
silicon, as seen in the Fig.5.15.a. 

The effect of heat treatment (details have already been provided in secifon. 
4.2.3) on the microstructure of LM30-graphite composites is illustrated in 
Fig.5.16. It clearly depicts graphite particles (marked A), coarse primary 
silicon (marked B), primary aluminium (marked G), and eutectic silicon. 
Wavelength dispersive X-ray mapping of aluminium, silicon and carbon are 
shown in Figs.5.16.b,c and d respectively. The fragmentation of eutectic 
silicon into nearly spherical particles of size around 5 pm Is clearly seen 
in Fig.5. 16.e. A similar behaviour has been observed in heat treated LM6 
and LM13 alloys, as shown in Figs.S.S.a and 5.8.d respectively. The large 
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Fig. 5. 15 


Optical micrograph showing: 
in refined and modified 
and (b) primary silicon 
graphite particle 


(a) graphite particles 
LM30-graphite composite 
nucleating around the 
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primary silicon cuboids are found to be unaltered due to heat treatment - 
In some instances intermetallic phases are also seen in LM30 alloy. Typical 
intermetallic phases are shown in Fig. 5. 17. a and the corresponding X-ray 
mapping of aluminium, silicon, iron and copper are seen in Figs.5.17.b,c, 
d and e respectively. It is inferred from the wavelength dispersive X-ray 
analysis that apart from aluminium and silicon two more phases are identified, 
as marked A and B in Fig.5.17.a. Phase 'A' constitute mainly of aluminium 
and copper and phase 'B' contains aluminium, iron and copper. Fig. 5. 18. a 
shows a scanning electron micrograph of intermetallic phases having rod 
like appearance and the corresponding X-ray mappings of aluminium, copper 
and iron are seen in Figs.5. 18.b,c and d respectively. The wavelength dis- 
persive X-ray analysis confirms that the rod shaped phase marked B in 
Fig. 5. 18. a mainly consists of aluminium, copper and iron. 

5.3.4 Microdistribution of Graphite Particles in Al-Si Alloy Matrices 

In die cast hypoeutectic Al-Si alloys the first phase to solidify is primary 
aluminium in dendritic manner and eutectic silicon appears in the interden- 
dritic region and around the dendrites. In Al-Si-graphite composites, the 
graphite particles are simply pushed by the advancing primary aluminium 
dendrites to the last freezing eutectic liquid due to poor compatibility bet- 

ween liquid aluminium and graphite particle. Possible entrapment of graphite 
particles in the interdendritic region i.e., spacing between two consecutive 
dendrite arms is ruled out as the size of majority of particles (63-120 ^m) 
is more than the average secondary dendrite arm spacing. However, the | 
results of particle size analysis (Fig. 5. 2) depicts that some particles are | 
in the size range below that of the secondary dendrite arm spacing. But J 

detailed microstructural observations could not confirm the entrapment of parti- j 
cleS in the spacings between secondary arms. A typical scanning electron l 

micrograph of LM1 3-graphite composite shown in Fig. 5. 19. a depicts two particles 
(marked A) in the last freezing eutectic liquid. A magnified scanning electron , 
micrograph (Fig.5.19.b) clearly reveals the interface between graphite 
particle and Al-Si eutectic (arrow marked). Plate-shaped silicon randomly 
oriented in Al-Si eutectic, is clearly seen in the micrograph, Fig.5.19.b. 

In some instances, Al~Si alloy is found to^solidified between the two graphite 
particles (marked A) and the resulti»t^ microstructure is dependent on the 





Fig. 5. 18 Intermetallic phases in heat treated LM30-graphite 
composite: (a) intermetallic phase (b) aluminium 

X-Ray mapping (c) copper X-Ray mapping (d) iron 
X-Ray mapping 
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available spacing between the particles. We can now consider the evoluation 

of the microstructure of the hypoeutectic Al-Si alloy in the presence of gra- 
phite particles; this is schematically represented in Fig. 5. 20. Case I deals 

with a situation when the interparticle spacing is greater than twice the 
dendrite arm spacing i.e., IPS > 2DAS. In this situation the first phase to 
solidify is primary aluminium botwaan tha two graphita particlas and^rajacts 
axcass silicon bayond tha acjuilibrium solubility limit, as it grows* In this 
casa tha microstructura batwaan tha particla will ba similar to a typical 

represantation of Al-Si alloy* In tha second case the interparticle spacing 
is assumed to be equal to twice the dendrite arm spacing. In this situation, 
the primary aluminium will nucleate in between the graphita particles and 
reject excess silicon as it grows. As the interparticle spacing is just equal 

to twice the dendrite arm spacing, the probability of nucleating the next 

dendrite arm is negligible and this can be seen clearly in the microstructure. 
However, it is mentioned in the prece-ding sections that graphite particle 

is pushed by the growing solid phase due to its freedom to move but this 
concept may not exist in real sense because multidirectional solidification 
may restrict, the movement of particles. In case III, the interparticle spacing 
is less than v . twice^dendrite arm spacing i.e., IPS ^2DAS. In this situation 
primary aluminium will nucleate between the two graphite particles 

(marked A) and as it grows it rejects excess silicon^ ^m’ore than the equili- 
brium solubility limit. As the particles are situated closely, so the possi- 
bility of nucleation of neighbouring aluminium dendrite is ' ' less. In this 

case a layer of eutectic silicon, which is rejected from primary aluminium 
during its growth, should appear at the interface between graphite particle 
and aluminium. Fig. 5. 21 depicts a representative microstructure of case III. 
It clearly reveals primary aluminium between the graphite particles (marked 
A) and rejected eutectic silicon is shown at the interface between graphite 
particle and primary aluminium. A magnified scanning electron micrograph, 
Fig. 5. 21. b, clearly shows graphite particle (marked A), primary aluminium 
(marked B) and layer of silicon (marked C). 

Another interesting feature observed in the microstructure of Al-Si (LM13) 
alloy-graphite composite is the restriction of anisotropic growth of eutectic 
silicon as shown schematically in Fig. 5. 22. In case I (Fig. 5.22. a) the closest 
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CASE II IPS =2 DAS 
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IPS - Inter-particle 
Spacing 
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Dendrite 
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PRIMARY ALUMINIUM 
EUTECTIC SILICON 


Fig. 5.20 Schematic Representation of Microstructure 
between Two Graphite Particles for the 
Conditions: (a) 1PS»2DAS, (b) IPS=2DAS 
and (c) IPS<2DAS. 




b?iKU Xi800 316 1 18. 0U RRLHF] 




5KU X30ee 3176 10. 0U rrlh 


115 


Eutectic 



Case 1 D » X 


Eutectic 

Silicon 



Case II D ^ X 


Fig.5.22 Schematic Representation of the Microstru- 
cture of Hypoeutectic Al-Si Alloy in the, 
Presence of Graphite Particles. 

(D -Distance between Dendrite tip and Particle 
X - Length ot the Eutectic Silicon in Conventional 
Die Cast Aluminium - Silicon Alloys Without 
Graphite Particle) 
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distance between the tip of the dendrite arm and graphite particle is higher 
than the average length of the eutectic silicon normally present in die cast 
alloy without any graphite particle dispersions i.e., X. In case II, this 

distance is of the order of or less than the length of the eutectic silicon. 

In the latter case the anisotropic growth of the silicon phase is physically 

constrained by the presence of graphite particles giving rise to near 
spherical shape, as depicted in Fig. 5. 22. b i.e., Dc^X. It can be seen from 
Fig. 5. 23 that the closest distance between the primary aluminium marked 

and and the graphite particle (marked A) are 4 and 12 pm respectively 
whereas one of the dendrites (marked ^3)15 almost touching the graphite 
particle. Therefore, the silicon particles present between these primary 
aluminium and graphite particles are finer in size and almost spherical in 
shape, compared to the rest of the area in Fig. 5. 23. a, where the distance 
between the graphite particle and primary aluminium is much higher. In 
the latter case the silicon has the freedom to grow in an anisotropic manner 
as depicted in Fig. 5. 22. b. Figure 5.23. b shows a scanning electron micrograph 
of the matrix solidified between two graphite particles (marked A) separated 
by a distance of about 10 pm. It can be clearly seen that the morphology 
of the silicon between these two graphite particles is significantly modified 
(marked C). This study indicates that the presence of graphite particles 

can also lead to modification of silicon provided these particles are situated 
very close to each other or to the primary aluminium dendrite boundaries. 
The mechanism appears to be physical constraint minimising the anisotropic 
growth of silicon. By increasing the graphite volume fraction or reducing 
the graphite particle size one could arrive at a situation whereby most of 
the silicon needles in the microstructure of the matrix alloy could be refined. 

5.3.5 Microstructure of Rapidly Solidified Al-Si Alloy and Composites 

A typical micrograph of rapidly solidified aluminium-silicon (LM6) alloy 
is shown in Fig. 5. 24. a. It delineates very fine cells of primary aluminium 
of average cell size 2 pm and near spherical eutectic silicon (size: less than 
1 pm) around the cells. The maximum solid solubility of silicon in aluminium 
is 1.64% at the eutectic temperature of 577°C and less than 0.01% at room 
temperature. In the present investigation,' the lattice parameter of primary 
aluminium solid solution of rapidly solidified LM6 alloy was determined by 
X-ray diffraction studies and found to be 4.0467 (A) as against 4.0496 (A) 
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Fig. 5, 23 


(a) Scanning electron micrograph showlnc 
and unmoditieo eutectic silicon around 1 ^ 
particle and (b) micrograph showing modifl, 
silicon between two graphite particles 


modified 

graphite 

eutectic 
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Fig. 5. 24 Scanning electron micrographs showing: (a) micro- 
structure of rapidly solidified LM6 alloy, (b) rapidly 
solidified LM6-graphite composite (c) magnified 
micrograph showing plate-shaped eutectic silicon 
near the graphite particle (d) microstructure well 
away from the graphite particle and- (e)microstructure 
of rapidly solidified LM13 alloy 
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for pure aluminium. X-ray diffraction results of rapidly solidified LM6 alloy 
and LM6-10% graphite particle composite are shown in Table V.7. The obser- 
ved lattice parameter of 4.0467 (A) corresponds to about 1.6% Si, a value 
quite close to the maximum solid solubility of silicon in aluminium under 
equilibrium conditions. It is to be noted that the solubility of silicon in 
aluminium may be affected by the presence of iron, copper and manganese 
in the commercial alloy. Although no quantitative data are available in the 
literature, the general trend is suggestive of reduction in the solubility of 
silicon in aluminium. The estimated solubility of 1.6% may be in error if 

some amount of copper is also in the dissolved state. However, in the presen 
ce of iron and manganese, copper is expected to form intermetallic phases 
such as Alg(Fe,Cu) and Al^Cu2Fe which would not affect the lattice parameter 
of the aluminium solid solution significantly. Fig. 5. 24. b shows a scanning 
electron micrograph of rapidly solidified melt spun ribbon of LM6-graphite 
particle composites. It clearly reveals graphite particles in the ribbon; the 
particles are confirmed to be graphite by wavelength dispersive X-ray 
microanalysis. A magnified view of the mocrostructure near the dispersed 
graphite particle (region marked *A' in Fig. 5. 24. b) is shown in Fig. 5. 24. c. 
The microstructure of matrix near the dispersed graphite particles 
(Fig. 5. 24. c) appears to be significantly different from that shown in 
Fig. 5. 24. d (away from the graphite particles). It can be noted that eutectic 
silicon grows anisotropically as plate-shaped near the graphite particles 
(Fig. 5. 24. c) whereas it grows more or less isotropically as near spherical 
away from the graphite particles (Fig. 5. 24. d) . The plate-shaped eutectic 
silicon is in the size range of 5-12 ^m long and 1-2 |jm wide whereas the 

average size of near spherical silicon away from dispersed graphite particle 
is around 1 pm. The lattice parameter of aluminium solid solution in Al-Si- 
graphite composite, estimated from X-ray diffraction data, was found to be 

O 

4.0481 (A). This value is nearly equal to the equilibrium value of the lattice 

O 

parameter of aluminium, i.e., 4.0496 (A). It can be inferred from the above 

result that dispersion of graphite particles in LM6 alloy melt restricts the 
decrease in lattice parameter of aluminium solid solution. The meagre amount 
of silicon in aluminium solid solution as observed in the present investigation 
may be due to low degree of supercooling encountered during solidification 
as well as the presence of other alloying elements e.g., Cu, Fe and Mn. 

Furthermore, dispersing graphite particles (graphite has lower thermal 
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conductivity than Al-Si alloy) in LM6 alloy melt delays the dissipation of 
heat and this in turn results in a microstructure similar to die cast alloy 
except scale down the dimensions of phases due to higher solidification rate. 
It appears that coarse microstructure near the graphite particles is mainly 
attributed to barrier to thermal transport offered by the dispersed graphite 
particles. 

The microstructure of rapidly solidified LM13 alloy( Fig.5.24.e) shows very 
similar morphology as that of LM6 alloy (Fig. 5. 24. a) . The microstructure 
of rapidly solidified LM13 alloy consists of near spherical eutectic silicon 
uniformly distributed in aluminium matrix. The average size of the spherical 
silicon is found to be of the order of 1 pm. 

5.4 Mechanical Properties of Al-Si Alloys and Composites 

5.4.1 Ultimate Tensile Strength 

The ultimate tensile strength (UTS), % elongation and hardness of Al-Si (LM6, 
LM13 and LM30) alloys and composites are evaluated and shown in Table V.S. 

It can be noted from Table V.S that the UTS of Al-Si (LM6,LM13,LM30) alloys 

is decreased by ^30% due to the dispersion of 3 wt.% graphite particles. 
It is noted that the heat treatment of Al-Si alloys enhanced the UTS. For 

instance, the UTS, of LM6 alloy is increased from 180 MPa in die cast alloy 
to 260 MPa in heat treated alloy. In the case of LM13 alloy, the UTS is 

increased from 180 MPa in die cast alloy to 280 MPa in heat treated alloy 
and for LM30 alloy, the UTS is increased from 140 MPa in die cast alloy 

to 220 MPa in heat treated alloy. Heat treatment did not O-ffect . the per- 
centage elongation of LM13 and LM30 alloys; while for LM6 alloy, the 

% elongation is enhanced from 2 % in die cast alloy to 5 % in heat treated 

alloy. 

5.4.2 Hardness 

The hardness of die cast Al-Si (LM6,LM13,LM30) alloys is also found to 

increase due to heat treatment. For example, the hardness of LM6 alloy 

is increased from 95 BHN to 135 BHN and for LM13 and LM30 alloys, the 

increase in the value is from 135 BHN to 140 BHN in both the cases. Disper- 
sion of 3 wt.% graphite in LM6,LM13, and LM30 alloy decreases the hardness 

by 37%, 11% and 14% respectively. 
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Table V.8 : Mechanical Properties of Al-Si (LM6,LM13 and LM30) 
Alloy and Composites 


Alloy /Com posites 

Tensile % Elongation 

Strength (MPa) 

Hardness 

(BHN) 

LM6 (die cast) 

180 

2 

95 

LM6 (Modified) 

195 

3 

95 

LM6 (Heat-treated) 

260 

5 

135 

LM6-Graphite 

125 

1 

60 

LM6-graphite (Modified) 

130 

1 

65 

LM6-graphite (Heat treated) 

150 

1 

120 

LM13 (Die cast) 

180 

1 

135 

LM13 (Heat treated) 

280 

1 

140 

LM1 3-graphite 

130 

1 

120 

LM1 3-graphite (Heat treated) 

190 

1 

130 

LM30 (Die cast) 

140 

1 

135 

LM30-P-Na 

161 

1 

140 

LM30 (Heat treated) 

220 

1 

145 

LM30-graphite 

98 

1 

116 

LM30-P-Na-graphite 

106 

1 

120 

LM30-graphite (Heat treated) 

160 

1 

140 
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5.5 Wear 

5.5.1 Dry Sliding Wear 

Dry sliding wear behaviour of Al-Si alloys (LM6, LM13 and LM30) is evalua- 
ted using a Cameron-Plint pin-on-disc wear testing machine (Fig. 4. 2) according 
to the procedure described in the previous chapter. The sample in the form 
of a pin is held against a rotating hardened steel disc. The speed of the 
disc is fixed in ail the experiments at 640 RPM. The radius of the wear 

track is 40 mm; this corresponds to a sliding speed of 2.68 m/s. At a given 

applied pressure, the sample is allowed to slide for a distance of 500m 

and wear rate is computed from weight loss measurements. The rise in sample 
temperature during the test is recorded using a chromel-aiumel thermocouple 
as described in the previous chapter. After each test the disc is repolished 
to its original roughness value and the experiment continued by increasing 
the applied pressure in increments of 0.5 MPa. When the applied pressure 
reaches a certain critical value the sample is found to seize before reaching 

CL 

a sliding distance of 500 m. The onset of seizure is monitored by^ sudden 
increase of temperature followed by vibration and noise from the disc-pin 

assembly. 

5. 5. 1.1 Effect of pressure 

Effect of pressure on dry sliding wear behaviour of Al-Si alloys (LM6, LM13 
and LM30) is evaluated. The wear rates of die cast LM6, LM13 and LM30 
alloys at various applied pressures are shown in Fig. 5. 25. It can be clearly 
seen that the wear behaviour of all the three alloys is non-linear, and the 


wear 

rate 

increases 

as 

the pressure is 

increased . 

For instance, the 

wear 

rate 

of LM6 alloy 

is 

increased 

from 1 

.4X10“^^ to 

2.0X10"^^ m^/m. 

when 

the 

applied 

pressure 

is 

increased 

from 

T.O to 1.5 

MPa. Beyond 1 .5 

MPa 


i.e., when the applied pressure is increased to 2.0 MPa a drastic increase 

in wear rate of die cast LM6 alloy is noticed. The test is discontinued after 

sliding a distance of 400 m, since the temperature of the test piece rose 

to 140°C, and there is abnormal vibration and noise from pin-disc assembly. 

Similar wear behaviour is observed for die cast LM13 alloy also. The wear 

rate of LM30 alloy is found to be different from that of LM6 and LM13. 

-12 3 —12 3 

It increased from 0.9X10 m /m to 4,1X10 m /m when the applied pre- 




Fig. 5.25 Effect of Pressure on the Dry Sliding Wear 

Rate of Die Cast LM6, LM13 and LM 30 Alloys 
(Sliding Speed : .2.68 m s‘\, S • Seizure) 
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ssure is increased from 1.0 to 2.0 MPa. The temperature of the test piece 

during the experiment rose to 35°C at 1.0 MPa pressure and 80°C at 2.0 
MPa pressure. Above 2.0 and upto 4.0 MPa pressure a progressive increase 

in wear rate of LM30 alloy is observed; this behaviour is unlike that found 

in LM6 and LM13 alloys. The sample temperatures during the test increased 

to 108 and 136°C at applied pressures of 3.0 and 4.0 MPa respectively. 

Further increase in the pressure to 5.0 MPa resulted in the seizure of the 
die cast LM30 alloy after a sliding distance of 320 m. The temperature of 

LM30 alloy rose to 200^C just before the seizure. It can be inferred from 
the above results that LM30 alloy is superior to LM6 and LM13 alloys, as 
far as their resistance to wear is concerned'.. The maximum load which can 
be sustained without seizure is higher for the LM30 alloy. The worn surface 
and wear debris of LM6, LM13 and LM30 alloys are studied by scanning ele- 
ctron microscopy with a view to understanding the mechanisms of wear. 
Fig. 5. 26. a shows a typical scanning electron micrograph of the worn surface 
of LM6 alloy. The test is carried out at an applied presssure of 1.0 MPa 
and is allowed to slide for a distance of 500 m, at a sliding speed of 2.68 
m/s. The micrograph clearly reveals wear grooves and layers of fine particles 
covering the surface. A magnified micrograph of the wear debris is shown 
in Fig. 5. 26. b. The morphology of the debris particles is almost equiaxed. 
Fig. 5. 26. c shows a typical scanning electron micrograph of worn surface 
of LM6 alloy, tested with a higher applied pressure i.e., 2.0 MPa. The 

worn surface shows continuous grooves and patches of damaged areas. 
A typical debris particle, collected during the test, is shown in Fig. 5. 26. d. 
Debris collected at 2.0 MPa pressure are found to be much bigger in size 

(TOO jum) and appear to be flaky in nature in contrast to the equiaxed 
particles found at the lower pressure. The particle size distribution of equi- 
axed wear debris is shown in Fig. 5. 27. It can be seen in the histogram 
that 18% of the particles are less than 0.6 jdra in size and 75% particles 
lie in the size range of 1-6 ^m. The mean interparticle spacing, is 3 jam 
and standard mean deviation is 1.7 jjm (in Table V .^. 

The above results suggest that die cast Al-Si alloys show two different wear 
regimes depending upon the magnitude of applied pressures, one is mild 
wear and the other one is severe wear. Mild wear occurs generally, at low 
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Fig. 5.27 Particle Size Distribution of Equiaxed 
Wear Debris. 

(Pressure : 1.0 MPa j Sliding Velocity : 2.68 ms 
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Table V.9: Particle Size Distribution of Equiaxed 
Wear Debris 


Particle size 
(ym) 

% of the total 
nOe of particles 

Mean particle 
size (X), Urn 

Standard mean 
deviation (0)|im 

Upto 1 

18 



1-2 

14 



2-3 

9 



3 —4 

30 

3.0 

1.7 

4-5 

20 




5-6 


9 
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loads. The onset of severe wear regime in the cases of LM6 and LM13 alloys 
is 1.5 MPa. The LM30 alloy did not show such drastic increase in wear rate 
rather it increased progressively upto 4 MPa pressure. It, is also interesting 
to note that the size and shape of debris particles in the two regimes are 
markedly different. In the mild wear regime, very fine jum) equiaxed 

debris are generated whereas big flake type debris are generated in severe 
wear regime. 

5. 5. 1.2 LM6 Alloy and LM6-Graphite Particle Composites. 

The dry sliding wear of LM6 alloy and LM6-3% graphite particle composites 
with three different matrix microstructures (die cast, sodium modified and 
heat treated) is evaluated as a function of applied pressure. The results 
are shown in Fig. 5. 28. It can be seen from Fig. 5. 28 that the wear rates of 
both matrix alloys and composites increase with load in a nonlinear manner. 

As pointed out in the previous section the onset of severe wear regime for 

the die cast LM6 alloy begins at stress value between 1. 5-2.0 MPa. Both 

graphite particle dispersions and microstructural changes of the matrix alloy 

are found to influence the onset of severe wear regime. LM6 alloy in modified 

and heat treated conditions and composites in die cast and modified 

conditions exhibited similar wear behaviour. In all these cases the samples 

seized between 2 and 3 MPa and the onset of severe wear regime is at 

2 MPa. Heat treated composites gave by far the best wear results. The seizure 

y 

of heat treated composites occur^^ed at 3*5 MPa. It can be concluded that opti- 
mum dry sliding wear resistance of LM6 alloy can be achieved by a combina- 
tion of graphite particle dispersion and the heat treatment of the matrix alloy 

as described in the previous section. 

The temperature rise during sliding is plotted as a function of time in 

Fig. 5. 29 5 for the die cast LM6 alloy, modified and heat treated LM6 alloys, 
LMS-graphite composites and LM6-graphite composites with modified and heat 
treated microstructures. There is a direct comparison of Fig.5.28 with 5.29; 
similarities between time-temperature plots and the wear rates *ups applied 
pressure plot can be found. In both cases there is a marked difference 
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in the trend when the sample is about to seize. The temperature rose gradually 
in the mild wear regime and after some interval of time it began to stabi- 
lise. However, during the severe wear regime the sample temperature exhibited 
a very sharp rise before the onset of seizure. Comparing the temperature-time 
relationship of die cast and heat treated composites one can find that the 
temperature rise in case of heat treated composites is much lower than that 
of the base alloy. For example, at an applied pressure of 1 MPa, the tempe- 
rature of LM6 pin rose to SO^^C whereas the temperature rise in case of gra- 
phite composites stabilised at 40^C. In an applied pressure of 2.0 MPa the 
temperature of LM6 pin rose to 140^C after 150 seconds corresponding to a 
sliding distance of 402 m, whereas the temperature of the heat treated compo- 
sites, rose to only 70°C for the same pressure. Even at the pressure 
of 3.0 MPa 3 temperature of the heat treated composites stabilised around 110°C. 
The results of these studies show that optimum results can be achieved by 
a combination of graphite dispersion and proper heat treatment. 

5. 5, 1.3 LM13 Alloy and LM1 3-Graphite Particle Composites 

The effect of heat treatment and graphite particle dispersion on the dry sli- 
ding wear behaviour of LM13 alloy is shown in Fig. 5. 30. As mentioned earlier 
the die cast LM13 alloy seized at an applied pressure of 2 MPa and there 
is a sharp increase in wear rate when the applied pressure is increased 
from 1.0 to 2.0 MPa. Heat treated alloy showed better performance as compared 
to die cast alloy; it seized at an applied pressure of 2.5 MPa. Graphite 
particle dispersed composites showed a far better performance as compared 
to matrix alloy in die cast and heat treated conditions. Composites specimen 
seized at 3.5 MPa as in the case of the LM6 alloy. Optimum wear performance 
are obtained for the composites in the heat treated condition. The seizure 
load in this case is maximum (4.0 MPa). 

Time-temperature plots for LM13 and LM13-3% graphite particle composites 
in die cast and heat treated condition are shown in Fig. 5. 31. Once again 
there is a direct relation between time-temperature and applied pressure-wear 
rate plots. Comparing the time-temperature relationship of die cast and heat 
treated composites it can be noted that in the case of LM13 die cast alloy 
the temperature of the pin rose to 140^C at an applied pressure of 2.0 MPa 
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well before the specified sliding distance. By contrast temperature of the 

composites specimen in heat treated condition rose to only 90^C at an applied 
pressure of 2.0 MPa. 

5*5. 1.4 LM30 and LM30-Graphite Particle Composites 

Unlike LM6 and LM13, LM30 is a hypereutectic Al-Si alloy. Silicon in LM30 

alloy is present in the form of large cuboids of primary silicon and needle 

shaped eutectic silicon ( Fig.5. 1 2.a) . Primary silicon is refined and eutectic 

silicon is modified by adding phosphorus and sodium in elemental form. 

In addition, LM30 alloy is also subjected to heat treatment as described 

in chapter 4.2.3 . Matrix alloy as well as composites with different matrix 

microstructures are subjected to dry sliding wear test as in the previous 

two cases. The results are shown in Fig. 5. 32. Comparing the data in 

Fig.5. 25, it can be noted that the performance of die cast LM30 alloy is 

superior to that of LM6 alloy and LM13 alloy in die cast condition. It is 

alsc interesting to note that dispersion of graphite particles resulted in increa- 

sed wear rates at higher applied pressures. At an applied pressure of 4 

-12 3 

MPa, wear rate of die cast composites was found to be 14X10 m /m in 

-12 3 

contrast to that of 6.5x10 m /m for the matrix alloy in die cast condition. 

At this applied pressure the LM30 composite is found to chip near the edges 
of the sample resulting in enhanced wear. This may be due to low strength 
of LM30 composite (see Table V.8). Refinement of primary silicon and modifica- 
tion of eutectic silicon resulted in a marginal decrease in wear of the LM30 

alloy and graphite containing composites as compared to the die cast structure. 
It can be seen from Fig. 5. 32 that optimum wear result is obtained for the 
composites in heat treated condition. Although the heat treated composites 
seized at 5 MPa pressure like the other samples, its wear rate is much 

less than the other samples. For instance, at an applied pressure of 3.5 

-12 3 

MPa, the wear rate of die cast LM30 alloy is found 4.8X10 m /m whereas, 

-12 3 

the wear rate is decreased to a value of 3X10 m /m in heat treated compo- 
sites. 

Time-temperature plots of LM30 alloy and composites with different micro- 
structure are shown in Fig. 5.33. The trend is similar to that observed in 



30-P-Na 


136 



Pressure, MPa 

Fig. 5.32 Effect of Pressure on the Dry Sliding Wear of LM 30 Alloy 
and LM 30 Graphite Particle Composites. Sliding Speed: 
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the other two alloys. It can be noted from Fig. 5. 33 that the maximum tempe- 
rature rise at 4 MPa is 118°C for the heat treated composites whereas tempe- 
rature rise in all other samples at 4 MPa ranged from 136 to 162°C. 

5 -5. 1.5 Coefficient of Friction 

Frictional force measurements at various applied pressures till seizure are 
made with the help of a force transducer (schematically shown in Fig. 4. 2. c); 
the latter is calibrated using dead weights. The apparatus provides the 
values of frictional force directly in Newtons. The coefficient of friction is 
calculated by dividing the frictional force with normal force. Values for the 
coefficient of friction for the three matrix alloys and their composites in 
die cast, modified and refined and heat treated conditions are shown 

in Tables V.10,V.11 and V.12. It can be seen from Tables V. 10 and V.11 that 
the coefficients of friction for two near eutectic alloys namely LM6 and LM13 
are very nearly same in die cast condition. However, the coefficient of friction 
for die cast hypereutectic alloy (LM30) is 28?^ higher than that of the die 
cast LM6 alloy. Presence of large primary silicon in hypereutectic (LM30) 

alloy may be responsible for the increase in the coefficient of friction. There 
is only marginal decrease of coefficient of friction of matrix alloy due to 
heat treatment. Similarly, dispersion of graphite had no significant effect 
on the coefficient of friction while measurement is made on composite surface 
of die cast condition. By contrast, the coefficient of friction of all the three 
composites in heat treated condition Is? reduced by 50%. It is also interesting 
to note that the coefficient of friction for the graphite dispersed hyper- 
eutectic Al-Si alloy is nearly the same as that of neareutectic Al-Si-graphite 
composites in heat treated condition. 

5.5.2 Scanning Electron Microscopic Examination of Worn Surfaces 

The worn surfaces of Al-Si alloys and Al-Si -graphite particle composites 
are studied using scanning electron microscopy with a view to understanding 

the mechanisms of material removal. The results are presented in the following 

sections. 



Table V.10 : Coefficient of Friction of LM6 Alloy and Composites 
(dry sliding wear) 


Alloy 

Normal 
force ( N ) 

Friction 
force (N) 
Range* 

Coefficient of 
friction 

Average coefficient 
of friction 

LM6 

50.24 

5.5-7. 0 

0'.1T-0..14 . 

0.13 

die cast 

56.52 

6.5-8. 0 

0.12-0.14 

0.13 


62.80 

7. 0-9.0 

0.11-0.15 

0.13 

i. 

LM6 

50.24 

4-6 

0.08-0.12 

0.11 

(modified) 

62.80 

6.0-:8.0 

0.09-0.13 

0.12 


75.36 

9.0-12.0 

0.12-0.16 

- 0.14 

LM6 

50.24 

6. 5-8.0 

0.13-0.16 

0.14' 

(H.T) 

100.48 

■ '8-10.0 

0.08-0.10 

0.09 

LM6-Gra- 

50.24 

6. 0-8.0 

0.12-0.16 

• 0,14 

phite(die 

62.80 

6.5-10.0 

0.10-0.16 

0.14 

cast) 

75.36 

9.0-11.0 

0.12-0.15 

0.14 ^ 

LM6-Gra- 

50.24 

3-5 

0.06-0.10 

0-09 

phite 

75.36 

3. 5-6.0 

0.04-0.08 

0.06 

(modified) 

100.48 

8-10 

0.08-0.10 

0.09 


125.60 

■ 1 0-1 2 

0.08-0.09 

0.08 

LM6-Gra- 

50.24 

3-5.5 

0.06-0.11 

0.09 

phite 

100.48 

6.0-9. 0 

0.06-0,09 

0.07 

(H.T) 

150.72 

6. 0-8.0 

0.04-0.05 

0.04 




. 

■ - . - - 


* Ihree ireasiiraiients ^re nade at each load 
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Table V.11 : Coefficient of friction of LM13 alloy and composites 
(dry sliding wear) 


Alloy Normal Friction Coefficient of Average coefficient 

force(N) force(N) friction of friction 

Range* ; 


LM13 

50 ■ 

5.0 - 7.0 

0.10 - 0.14 

0.12 

(die cast) 

75 

9.0 ■- 1 1.0 

0.12 - 0.15 

0.13 

LM13 

50 

3.U 5.0 

0.06 - 0.10 

O.OB 

(Heat Treated) 

75. ■ 

8.0 - 10.0 

0.11 - 0.13 

/ 

0.12 


110 

10.U - 14.0 

0.10 - 0.13 

0.11 

LM1 3-Grciiphite 

75 

8.0 - 10.0 

0.11 - 0.13 

0.12 


100 

y.O - 12.0 

0.09 - 0.12 

0.10 


•25 

y.'t? - 1 1.0 

0.07 - 0.09 

0.08 


150. 

13.0-- 16.0 

0.09 - 0,11 

O.IO 

LM1 3-Graphite 

75. 

6.0 - 8.0 

0.03-0.11 

0.09 

(Heat Treated) 

125 

4.0 - C.O . 

0.03 - 0.05 

0.04 


150. 

6.t) - 8.0 

0.04 - 0.05 

0.04 


* Three measurements were 


made at each load. 


Table V.12 : Coefficient of friction of LM30 alloy and composites 
(dry sliding wear) 


Alloy 

Normal 

force(N) 

Friction 

force(N) 

I^nae* 

Coefficient of 
friction 

Average coefficient 
of friction 

LM30 ■ 

50.24 

8-10 

0.16-0.20 

0.18 

(die cast) 

100.48 

17-19 

0.17-0.19 

0.18 


150.72 

22-25 

0.15-0.17_ 

0.16 

LM30-P-Na 

50.24 

8^10' 

0.16-0.20 

0.18 


100.48 

14-16 

0.14-0.16 

0.1 5 


150.72 

19-21 

0.13-0.14 

0.13 

LM30 

50.24 

7-9 

0.14-0.18 

0.16 

(Heat Treated) 

100.48 

13-15 

0.13-0.15 

0.14 

• 

150.72 

19-22 

f 

0.13-0.15 

0.14 

LM30-Graphite 

50.24 

5-9 

0.10-0.18 

0.14 


100.48 

14-16 

0.14-0.16 

0.15 


150.72 

19-21 

0.13-0.14 

0.13 

LM30-P-Na- 

50.24 

8-11 

0.16-0.22 

0.19 

Graphite 

100.48 

11-13 

0.11-0.13 

0.11 


150.72 

21-23 

0.14-0.15 

0.14 

LM30-Graphite 

50.24 

2-5 

0.04-0.10 

0.07 

(Heat Treated) 

100.48 

7-9 

0.07-0.09 

0.08 


150.72 

9-11 

0.06-0.07 

0.06 ■ 


* Three rteasurements vere nade at each IxDad. 
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5*5.2. 1 LM6 Alloy and LM6~Graphite Particle Composites 

Typical scanning electron micrographs of worn surfaces of die cast LM6 alloy 
are shown in Fig. 5. 34 ^a.c^. The microstructure is characterised by long and 
continuous grooves running from one end of the specimen to the other and 
patches of severely damaged region (position A marked in Fig.5.34.a). A 

higher magnification micrograph of a typically damaged region (Fig. 5. 34. b) 
shows that the damaged portion consists of fine spherical particles of size 
2 to 4 urn. Scanning electron micrograph in Fig, 5.34. c shows a large number 

of cracks running longitudinal to the sliding direction as well as in transverse 
direction. According to Suh (194) subsurface crack nucleation and propagation 
occurs during sliding contact ultimately resulting in delamination of a portion 
of the wear surface as per the following description. During sliding wear 

the normal and tangential loads are trasmitted through the contact points by 
adhesive and plowing action. Plastic deformation induced by constant cyclic 

loading results in nucleation of cracks below the surface layers. Further load- 
ing and deformation cause the propagation of cracks along the sliding direction. 
The joining of cracks to the wear surface at weak positions will lead to the 
formation of loose wear particles. The formation of such wear particles by 
delamination mechanism can be clearly seen in Fig.5.34.c. 

Another interesting feature observed is the transfer of iron from the steel 
disc to the wear surface of LM6 alloy. Fig. 5. 35. a shows a wear surface of 
LM6 alloy ."Tire corresponding X-ray dot mapping of iron is shown in Fig.5.35.b . 
It is well known that when two dissimilar materials, e.g., Al-Si (LM6) alloy 
and steel as in the present investigation, slide over each other, the transfer 
of low yield stress material i.e., LM6 alloy to harder surface takes place, 
and builds up a layer by adhesion mechanism. However, in the present investi- 
gation it appears that iron pick up by aluminium-silicon alloy pin also takes 
place simultaneously. Sasada et al.(T95), based on their observations on copper 
sliding over ferrous materials, reported that the direction of transfer changed 
with time. At short sliding distances, copper was transferred to the iron 
and at longer sliding distances a reversal in behaviour (I.e., transfer of 
iron to copper) was reported. Shivnath et al. (174) have also reported the 
transfer of iron from steel disc to the Al-Si wear pin. 




10. 0U RRLMf 


RRLMreSKU X1@00 3235 


25KU X1000 323 2 





145 


Wear surfaces of LM6-3% graphite particle composites also show similar pattern 
as those of LM6 alloy surfaces. As in the previous case, wear surfaces 
(Fig. 5. 36. a) show continuous grooves, regions of damaged areas and deiamina- 
tion sheets of material about to delaminate (Xte clearly seen in Figs.5.36.b&c. 
In some instances, parallel lips are generated along the wear scar as seen 
in Fig. 5. 36. d. Modified LM6 alloy and LM6--3% graphite particle composites 
also exhibited similar wear behaviour as that of the die cast LM6 alloy and 
composites. However, wear surfaces of heat treated LM6 alloy and LM6-3S 
graphite particle composites differed significantly as can be seen in the follo- 
wing section. 

5.5.2. 2 LM13 Alloy and LM1 3-Graphite Particle Composites 

The microstructure of a typical worn surface of diecast LM13 alloy is shown 
in Fig. 5. 37. a. This structure consists of continuous grooves and cracked areas. 
Transverse as well as longitudinal cracks can be clearly seen in the higher 
magnification micrograph of the worn surface shown in Fig. 5. 37. b (arrow—, 
marked). Several cracks can be seen joining together at the surface. A wear 
particle about to be delaminated from the surface due to the joining of such 
cracks can be seen in Fig. 5.37. b (region marked A). Similar observations 
have been reported for the LM6 alloy (Section 5.5.2. 1 and Fig.5.36. b6c) . 

The worn surfaces of LM13-3/0 graphite particle composites show continuous 
grooves, damaged regions and presence of surface cracks, Fig. 5. 38. a. Damaged 
regions show granular appearance similar to those found on the worn surfaces 
of LM6 alloy (Fig.5.34.b) . Wavelength dispersive X-ray analysis of the worn 
surface confirms iron pick up by Al-Si alloy pin from steel disc. Parallel 
lips are seen along the wear scar in some places of the wear surface 
(Fig.5.38.b) . These lips are similar to found on the worn surface of 

LM6-3% graphite particle composites. One of the main intentions of dispersing 
graphite particles in Al-Si alloy matrics is to minimize direct metal to metal 
contact brought about by the formation of graphite film on the worn surface. 
But in the present investigation no such graphite film formation on the die 
cast LM1 3-graphite and LM6-graphite composite surfaces is found. The absence 
of graphite film on the wear surfaces is 'confirmed by wavelength dispersive 
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Fig. 


37 Micrographs of worn sorface of die cas, LM,3 alloy 
showing: (a) continuous grooves and damaged region 

and (b) number of cracks Joining together to form 

wear debris 
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Fig. 


39 Micrographs of worn surface of heat treated LM13 
alloy showing: (a) grooves and damaged region (b) 
transverse cracks and damaged region (c) magnified 
view of the region marked by arrow in (b) and (d) 
transverse cracks 
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It is worth noting that no evidence for the formation of graphite layer on 
the die cast composite surfaces is found from wavelength dispersive X-ray 
analysis. It is reasonable to conclude from the above observations that the 
material removal mechanisms for die cast LM30, LM30-P-Na and LM30-P-Na- 
graphite composites are similar. However, heat treated LM30-graphite composite 
behaves differently from that of die cast LM30 alloy-graphite composites. 
A representative scanning electron micrograph of worn surfaces of heat treated 
LM30-graphite composites is shwon in Fig. 5. 42. a and a corresponding wavelength 
dispersive X-ray dot mapping of carbon in Fig.5.42-b. The micrograph in 
Fig. 5. 42. a clearly reveals the presence of graphite layers on the wear surfaces 
of composite pin, in contrast to die cast composites. It can be noted from Fig. 
5. 42. a that the entire worn surface was not covered by the graphite layer. 
Comparing the micrographs in Figs. 5. 41 .a and 5. 42. a it can also be noted 
that the wear surface of heat treated composite is much smoother than that 

of the unheat-treated composite surface. In the former case there are practi- 
cally no damaged regions and the grooves are much shallow in nature. 

5.5,3 Scanning Electron Microscopic Examination of Wear Debris 

Wear debris particles are mounted on brass studs using a double sided adhe- 
sive tape, sputtered with a thin layer of gold and examined in the scanning 

electron microscope. A range of shape and size of wear debris is found: 

(i) small equiaxed particles, (ii) flakes, (iii) sharp-edged faceted particles 
of silicon and (iv) in some instances machining chips. Detailed description 
of these various types are given below: 

(i) Small equiaxed particles: The first type of debris particle is 

small and equiaxed. Such particles are found during mild wear regime which 

occurs at low applied pressure ( <^1.5 MPa). Scanning electron micrograph 
in Fig. 5. 26. b shows typical small, equiaxed particles collected during the 
sliding wear of die cast LM6 alloy against a rotating steel disc at an applied 
pressure of 1.0 MPa and sliding speed of 2.68 m/s. The particle size distri- 
bution of equiaxed particle is also shown in Fig. 5. 27. These debris particles 
are analysed using wavelength dispersive X-ray analyser and confirmed as 

aluminium. ■ 
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(ii) Flake shaped debris: The second type of debris particles is flake 

shaped. These particles are commonly found in the severe wear regime at 

relatively higher pressure. The basic mechanisms involved in the generation 

of such flake shaped particles are proposed by Suh and coworkers ( 169 ) 

in the form of well known delamination theory of wear, as mentioned in section 

5. 5. 2.1. Fig. 5. 43. a shows typical flake-shaped particles collected during 

sliding wear of LM30 alloy at a pressure of 3.0 MPa. In some instances, very 

big flaky particles are generated (dimensions: 1500 jjm long and 650 pm wide) 

as seen in Fig. 5. 43. b. The length is defined as that dimension parallel to 

the sliding direction and is measured parallel to the fine scoring marks on 

the surface of the debris. These debris are collected during the sliding wear 

of die cast LM13 alloy. A typical flaky particle generated during the sliding 

wear of die cast LM13 alloy is shown in Fig. 5. 43. c; cracks can be clearly 

seen on this debris particle. The wavelength dispersive X-ray dot mapping 

corresponding to aluminium is shown in Fig. 5. 43. d. Presence of silicon in 

be , 

this debris could not ^confirmed by WDXS. Another type of debris particle 
which is not quite flaky and found in die cast LM13 alloy (Fig. 5. 44. a is 

seen to consist of both aluminium and silicon as evidenced by the corres- 
ponding X-ray dot maps of aluminium and silicon shown in Figs. 5. 44. b and 

5.44.C respectively. 

Fig. 5. 45. a shows another typical die cast LM6 alloy debris particle. Continuous 
grooves are seen on the particle surface. The cracks, on the particle surface, 
are shown by the arrow marks. X-ray dot mapping of Fig. 5. 45. a corresponding 
to aluminium is shown in Fig. 5. 45. b. Another,, type of LM6 debris particle 

!»v 

which is not as thin as those shown earlier Fig. 5. 26. d. can be seen in 

Fig, 5. 45. c. This debris particle is generated at an applied pressure of 1.5 

MPa. Debris particles collected during the sliding wear of heat treated LM13 

alloy are shown in Fig. 5. 46. a. It is worth noting that although the majority 

of debris are flaky in nature their sizes are relatively small as compared 

to those found in the case of unheat-treated alloys. 

The particle size distribution of flake-shaped wear debris is shown in Fig. 5. 46 
b,c and d. The distribution is represented in the form of histogram. The 
size distribution of flaky wear debris of' die cast LM13 alloy is shown in 
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Fig. 


44 (a) Typical debris particle collected from die 

LM13 alloy, (b) aluminium X-Ray mapping and 
silicon X-Ray mapping 


cast 

(c) 
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Fig. 5. 45 (a) Typical flake-shaped debris particle collected 

from LM6 alloy (b) aluminium X-Ray mapping (c) 
debris particle collected from LM6 alloy; the thick- 
ness of the debris is relatively higher than those 
shown before 
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Fig.5.46.b. The histogram (Fig. 5. 46. b) depicts that the wear debris contains 
a wide size range from 150 to 400 pm. Around 15% of the particles lie in 

the size range of 150-200 pim and 35% lie in the range of 200-300 pm and 
remaining 50% of the particles lie in the size range of 300-400 pm i,e.j the 
major portion of the particles- are found in the size range of 300-400 pm. 

The mean particle size (x) and the corresponding standard mean deviation 
are calculated and are shown in Table V.13- The average particle size 
is 289 ± 66.7 pm. The size distribution of flaky wear debris of LM13-3% 
graphite composite in heat treated condition is shown in Fig. 5. 46. c. It can 

be seen in the histogram that 45% of the particle lie. in the size range of 

40-60 urn; 25% lies in the size range of 60-80 urn and remaining 30% of the 

' o-re I 

particles^found in the size range of 80-160 pm. This suggests that heat treat- 
ment tends to decrease the size of the flaky particles generated during wear 
test. The mean particle size (x) and the corresponding standard mean deviation 

(.o ) are calculated and shown in Table V.14. The mean particle size is 

75.5 ± 31-Jpm. This indicates that dispersing graphite particle and heat treat- 
ment reduced drastically the crack nucleation and propagation and consequently 
wear sheet formation by delamination mechanism. The particles size distribution 
of flaky wear debris of die cast LM30 alloy is also shown in Fig. 5.46. d. 

The histogram shows that only 10% of the particle lie in the size range of 

40-60 pm and 40% in the size range of 60-100 pm, 30% of the particle lie- 
in the size range of 100-120 pm and 20% in the size range of 120-160 pm. 

It can be seen that near about 50% of the particles lie. in the size range of 
100-160 pm. The mean particle size ("x) and the corresponding standard mean 
deviation (iC ~ ) are calculated and shown in Table V.15. The mean particle 
size is 97.25 ± 27.5 pm. 

(iii) Sharp-edged faceted particles: The third type of wear debris parti- 
cle is of the sharp edged faceted morphology. A typical sharp edged faceted 
particle collected from die cast LM6 alloy at a pressure of 1.5 MPa, is shown 
in Fig. 5. 47. a; X-ray dot mapping of this particle corresponding to silicon 

is shown in Fig. 5. 47. b. This indicated that during sliding wear, the hard 
faceted silicon phase is fragmented due to normal and tangential components 

of the applied pressure. Some more fractured silicon particles can be seen 
in Figs. 5.47.C and d. These debris are generated during the sliding wear 
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Table V.13 : Particle size distribution of Flaky Wear Debris 
of Die Cast LM13 Alloy 


Size range 

(|um) 

% of the total 
no. of particles 

Mean particle 
size (pm) 

Standard 

deviation 

Mean 

(pm) 

150-200 

13 




200-250 

20 




250-300 

13 

289.0 

66.7 


300-350 

34 




350-400 

20 





Table 

V.14 : Particle size 
LM13 Graphite 

distribution( Flaky 
Composite in Heat 

Wear Debris )of 

Treated Condition 

Size range 

% of the total 

Mean particle 

Standard Mean 

(pm) 

no. of particles 

size (pm) 

deviation (pm) 

40-60 

45 



60-80 

25 



80-100 

10 

75.5 

31 .1 

100-120 

5 



120-140 

10 



140-160 

5 








K86@ 


4641 10. 0U RRLMP 


20KU K940 


396 0 1 0. 0U RRLHP 


3954 10, 0U RRinP 


of die cast LM30- aZioy. It has been mentioned in the preceeding section that 
heat treatment of Al-Si alloy markedly alters the morphology of eutectic silicon 
phase from faceted to more or less spheroidal. However, in some places spher- 
odization of silicon is incomplete and large faceted silicon phase is left behind. 
Such particles are fractured during sliding wear and gave rise to sharp edged 
faceted wear particle in the debris. A typical scanning electron micrograph 
( Fig. 5. 47. e shows the fractured silicon particle obtained from heat treated 
LM13-3% graphite particle composite. 

The particle size distribution of sharp edged faceted silicon particles is 
shwon in Fig. 5. 48. It can be seen from the histogram that fragmented silicon 
particles lie in the size range of 40-90 pm. Near about 30^ of the particles 
lie in the size range of 40-60 pm and 40% in the size range of 60-70 um. 
remaining 30% of particle lie in the size range of 70-90 pm. The mean particle 
size (x) and the corresponding standard mean deviation ( (S“ ; are calculated 
and shown in Table V.16. The average particle size is 66 ± 12.2pm. 

(iv) Machining chips: The fourth type debris is similar in appearance 

to ' f machining chips. Such type of debris particles, however, are 

found occasionally during sliding wear. A typical machining chip collected 
from the die cast LM13 alloy, is shown in Fig. 5. 49. Machining chips are 
characteristically smooth on one surface and serrated marks on the other 
surface can clearly be seen in Fig. 5.49. 

5.5.4 X-Ray Diffraction Studies of Wear Debris 

Debris particles are analysed with the help of a X-ray diffractometer using 
Cu-Koc radiation in order to identify the phases present. X-ray diffractogrems 
from debris particles in die cast LM30 alloy, LM30-graphite composite in 
heat treated condition and die cast LM6-graphite composite are shown in Figs. 
5-50. a, b and c respectively. The X-ray diffraction results show the presence 
of aluminium and silicon only. Tables V.17 and V.18 show the diffraction 
angle (20), interplanar spacing (d) and relative intensities along with the 
standard interplanar spacing obtained from JCPDS files. 



Frequency 



Fig. 5.48 Particle Size Distribution of Sharp Edged 
Faceted Wear Debris Collected from Die 
Cast LM30 Alloy (Pressure : 3 MPa) » 
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Table V.15 : Particle size distribution of Flaky Wear Debris of 
Die Cast LM30 Alloy 


Size range 

(jum) 

% of the total 
no. of particles 

Mean particle 
size (pm) 

Standard Mean 
deviation (pm) 

40-60 

10 



60-80 

20 



80-100 

20 

97.25 

27.54 

100-120 

30 



120-140 

15 



140-170 

5 




Table V.16 

: Particle size distribution of Sharp- 
Debris obtained from Die Cast LM30 

Edged Silicon Wear 

Alloy 

Size range 
(pm) 

% of the total 
no. of particles 

Mean particle 
size (pm) 

Standard 

deviation 

Mean 

(pm) 

40-50 

10 





50-60 

20 





60-70 

40 


66.0 

12.2 


70-80 

10 





80-90 

20 


- 
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Fig. 5.50(a) X~Ray Diffraction Trace of Wear Debris of Die Cast LM30 
Alloy (Pressure: 4.5 MPa). 
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Table V.17 ; X-Ray Diffraction Results of Wear Debris (Die cast LM30 Alloy) 
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Table V.IS ; X~Ray Diffraction Results of Wear Debris (Heat Treated LM30-Graphite and LM6-Graphlte) 


'2 
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The diffuse peak seen in the initial range of the diffraction angle of the 
diffractograms is due to the adhesive tape on which the wear particles are 
mounted. A typical diffractogram of adhesive tape is shown in Fig. 5. 50. d. 
The detection of iron on the debris surfaces is difficult from the observation 
of angular positions of diffraction peaks, since ail the low index peaks of 
iron overlap with the peaks from aluminium. No evidence for the presence 
of intermetaliic phases in the debris particles is seen by X-ray diffraction. 
It has not been possible to establish the presence of intermetaliic phases 
in the debris particles from X-ray diffraction studies. 

5.5.5 Scanning Electron Microscopic Examination of Subsurface 

The subsurface region of a dry sliding wear surface is studied with increasing 
interest because the surface wear is influenced by subsurface deformation 
to a great extent as proposed by Suh and coworkers (169) in delamination 
theory of wear. With a view to investigate the subsurface structure, the wear 
pin is sectioned perpendicular to the worn surface. The sectioned surface 
is cold mounted and mechanically polished using standard metallograpnic 
procedure and observed in scanning electron microscope. The detailed descri- 
ption of the experimental procedure is described in chapter 4 and the results 
are shown below. 

A typical scanning electron micrograph Fig. 5. 51 .a shows subsurface structure 

of die cast LM30 alloy. The sample is run at a sliding speed of 2.68 m/s 
at a pressure of 3 MPa. It can be clearly seen from Fig. 5. 51 .a that the 

plate-shaped eutectic silicon is fragmented into fine equiaxed particles of 
average size below 5 ^w. The heavily deformed layer is extended upto a 
distance of 60 pm below the sliding surface. It is also to be noticed that 

the microstructure in the subsurface region changes gradually from the heavily 
deformed one immediately below the sliding surfaces to the one corresponaing 
to the bulk structure. In some instances, the large primary silicon is also 
seen to be fragmented under the influence of normal and tangential stresses 
introduced during sliding. Fig. 5, 51. c. shows a typical scanning electron micro- 
graph of the subsurface region of LM13-3% graphite particle composite. The 
wear test in this case is carried out at an applied pressure of 2.0 MPa. 
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Diffraction Angle, 20 (degree) 

Fig. 5.50 (d) X-Ray Diffraction Trace of Adhesive Tape. 
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It clearly shows fractured eutectic silicon, dispersion of graphite particles 
and matrix microstructure. The fragmentation of plate-shaped eutectic silicon 
into fine equiaxed particles is clearly seen in a magnified picture {Fig. 5. 51. d) 
The deformed layer is extended upto a distance of 60 um from the sliding 

surface. The unaffected eutectic silicon is also seen in Fig. 5. 51. e. Rohatgi 
and Pai ( 45 ) have reported that in aluminium-graphite system, the extensive 
deformation at the surface results in deformation and fragmentation of the 
surface and subsurface graphite particles. However, the present results have 
not shown any such fragmentation of graphite particles ( Fig. 5.51 .c) . 

5-5.6 Partially Lubricated Sliding Wear 

The conventional way of rating the performance of a material for bearing appli- 
cation is in terms of its P-V limits i.e., the maximum allowable bearing pre- 
ssure (P) at a particular speed (V). P-V limits of a particular bearing alloy 
are determined by excessive wear caused either due to heavy loads approa- 
ching the elastic limit or due to thermal softening. The P-V limits of Al-5i 

alloys and composites are evaluated in partially lubricated condition using 
a Cameron-Plint pin-on-disc wear test machine. 

All lubricated wear tests are carried out at sliding distances upto 2500 m. 

Disc rotation is first fixed at 330 RPM (corresponding sliding velocity: 1.38 
m/s). A pressure of 1.0 MPa is applied to the specimen and the test is 

run for 2500 m. If the sample did not seize at this pressure the disc is 

removed, cleaned, reimmersed in SAE 30 oil, excess oil removed and the 

applied pressure is increased in steps of 0.5 MPa. By this means a critical 

applied pressure is determined where seizure occured within a sliding distance 
of 2500 m. Complete details of the experimental procedure are given in the 
previous chapter and the results are given in the following sections. 

5-5-6. 1 P-V Limits of Die cast LM6, LM13 and LM30 Alloys 

The P-V limits for die cast LM6, LM13 and LM30 alloys sliding against sieel 
disc are shown in Fig-5.5 2. Each point in the Fig. 5. 52 represents the seizure 
load (bearing pressure) at a particular velocity i.e., the limiting values 



Velocity, m/s 

Fig. 5.52 Pressure Velocity Limits of Die Cast 
LM6, LM13 and LM30 Alloys.. 
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of P-V at which the specimen begins to seize. The load bearing capacity 
(LBC) of a material would be less than that shown in Fig. 5.52. It can be - 
seen from Fig. 5. 52 that die cast LM30 alloy seized at a sliding speed of 
1.38 m/s when the bearing pressure is increased to 9.5 MPa. This indicates 
that the LBC of die cast LM30 alloy is less than 9.5 MPa at a sliding speed 
of 1.38 m/s. Similarly, the LBC for LM13 and LM6 alloys at a sliding speed 
of 1.38 m/s, are less than 8 and 7 MPa respectively. It can also be noted 
that the LBC of any particular alloy is decreased as the sliding speed is 
increased. For example, the LBC of die cast LM30 alloy is decreased from 
9.5 to 7 MPa as the sliding speed is increased from 1 .38 to 3.35 m/s. Addi- 
tionally, there is a steep decrease in LBC of die cast LM30 alloy above a 

sliding speed of 2.6 m/s whereas, the decrease in the cases of LM13 and 
LM6 alloys are progressive in nature. It. is interesting to note that the LBC 
of die cast LM30 alloy is inferior to that of LM13 alloy above a sliding speed 
of 3.6 m/s. For instance, at a sliding speed of 4. 0 m/s, the LBC of LM30 

alloy is 5.1 MPa, whereas, for LM13 alloy, it is 5.7 MPa. These data might be 

useful for the selection of bearing materials to be used in high speed appli- 
cations. Die cast LM6 alloy is found to be inferior to that of LM13 alloy 

as far as their LBC is concerned over the entire range of speeds used in 

the present investigation. 

5.5. 6. 2 LM6 Alloy and LM6-Graphite Particle Composites 

The P-V limits of LM6 alloy and composites in partially lubricated condition 
are shown in Fig. 5. 53. It can be seen that die cast LM6 alloy seized at a 

pressure of 7.0 MPa at a sliding speed of 1.38 m/s. By dispersing 3 % grapnite 
particles in die cast LM6 alloy, the limiting bearing pressure is increased 

by 21/0. Furthermore, the limiting bearing pressure of heat treated LM6-3? 
graphite particle composites is found to be 36% higher than that of the aie 

cast LM6 alloy. It can be noted from Fig. 5. 53 that the limiting bearing pre- 

ssure of LM6 alloy and composites is decreased as the sliding speed is increa- 
sed. For instance, at a sliding speed of 3.35 m/s, the die cast LM6 alloy 
seized at a pressure of 5.0 MPa whereas, at 1.38 m/s the limiting bearing 

pressure is 28% higher. It is also interesting to note that the performance 

of LM6-3% graphite particle composites in die cast, sodium modified and heat 
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treated conditions is found to be superior to those of base alloys in all the 
above conditions. Amongst all combinations heat treated LM6-“3% graphite compo- 
sites is found to be superior to the rest as far as their bearing performance 
is concerned . 

The maximum temperature attained during sliding wear at a particular applied 
pressure and disc speed of LM6 alloy and composites is shown in Table V. 19. 
The results indicate that the temperature of the pin increases with applied 
pressure and a sudden increase in sample temperature is observed when the 
sample tends to seize. For example, at an applied pressure of 4.0 MPa, the 
temperature of heat treated LM6 alloy pin rose to 79^C whereas, at 5 MPa 
pressure, the temperature rose to 99^C at a disc speed of 800 RPM. At the 

same^ speed, and with an applied pressure of 5.5 MPa, the temperature of 
heat treated LM6 alloy pin rose to 135^C well before the specified sliding 
distance. 

The tangential force of LM6 alloy and composites is measured during siiding 

wear test and coefficient of friction is evaluated. Normal and tangential force 
and coefficient of friction are shown in Table V.20. The results show that 
the coefficient of friction is independent of normal force and disc speed: 
The main function of the lubricant is to reduce metallic contacts between the 

sliding surfaces by interposing a lubricant film. During sliding action, :he 

metal to metal contact occurs in the regions where the pressure is highest. 
A local breakdown of the oil film results in metallic adhesion. Further, if 
the speed of siiding is appreciable, high local temperatures are deveiooed 
and the samples tend to seize. In this situation the coefficient of friction 
is increased. For example, at a disc speed of 800 RPM, the coefficient of 
friction is found to be about 0.05 at an applied pressure of 4 MPa and at 
5, MPa pressure when the sample tends to seize the coefficient , of friction / 
is increased to, 0.15. 

5 .5. 6. 3 LM13 Alloy and LM1 3-Graphite Particle Composites 

The P-V ' limits of LIVI13 alloy and composites are shown in , Fig. 5.54. .. It . -can 
be clearly seen that the .load bearing capacity (LBC) of composites , is more 
than the matrix alloy at all sliding speeds. , At a sliding speed of , ,1.38 , m/ s, 



Table V. 19 : Maximum Temperature Attained during partially Lubricated Sliding Wear of 
LM6 Alloy and Composites 
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Table V.20 : Coefficient of Friction of LM6 Alloy and Composites 
(during Partially Lubricated Sliding Wear) 
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Fig.5.54 Pressure -Velocity Limits for LM13 Alloy and 
Composites. 
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die cast LM13 alloy seized at a pressure of 8.0 MPa whereas, LM13-3S graphite 
particle composite seized at a pressure of 9.0 MPa. This indicates that by 
dispersing graphite particles in die cast LM13 alloy the limiting bearing pre- 
ssure can be increased by a magnitude of 1 2 %. After heat treatment the limiting 
bearing pressure of the composite is further increased by 19 %. It is also 
to be noted that limiting bearing pressure of LM13 alloy and composites is 
decreased with increase in sliding speed as in the case of LM6 alloy and 

composites. It is also to be noted that there is a marked improvement in wear 
resistance of heat treated LM13 alloy as compared to die cast LM13 alloy, 
for example, at a sliding speed of 3.35 m/s, the limiting bearing pressure 
of heat treated LM13 alloy is improved by 15^ as compared to die cast LM13 
alloy. At a higher sliding speed (4.61 m/s), the limiting bearing pressure 

of heat treated LM13 alloy is increased by 22% as compared to the die cast 
LM13 alloy. This clearly indicates that the percentage increase in the bearing 

pressure of heat treated LM13 alloy is more at higher sliding speeds. Similar 

tk& 

trend is observed for composite also. 

A 

The bearing performance of heat treated LM13-3% graphite particle composite 

is found to be superior to of die cast LM13, heat treated LM13 alloy 

and die cast composites. The maximum temperature attained during the sliding 
wear test of LM13 alloy and composites is shown in Table V.21. The results 
are found to be similar to those of LM6 alloy and composites; i.e., tempera- 
ture of the sample increases with applied pressure and a sudden increase 
in the sample temperature is found when the sample tends to seize. 

The coefficient of frictions of LM13 alloy and composites are shown 

in Table V.22. The results show that the coefficient of friction of die cast 

LM13 alloy, at a disc speed of 330 RPM, is found 0.033 at a normal pressure 

of 301.44 N; and it increased to 0.053 when the normal force is increased 

to 376.8 N. Similar trends are followed for the sliding speeds of 640 and 

800 RPM, i.e., coefficient of friction is increased with applied pressure. 

to be 

However, the above, statement is not found true at a disc speed of 1100 RPM. 

A 

For instance, at a normal force of 125.6 N, coefficient of friction is found J 
0.087 and it decreased to 0.053 at a normal force of 150.72 N; again the 
coefficient of friction increased to 0.073 at a normal force of 175.84 N and 



Table V. 21 ; Maximum temperature attained during partially Lubricated Sliding Wear of 
LM13 Alloy and Composites 
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Coefficient of Friction of LM13 Alloy and Composites 
(during Partially Lubricated Sliding Wear) 
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decreased to 0.064 at a normal force of 200.96 N. This suggests that coeffi- 
cient of friction is independent of normal force. It is also to be noted that 
the coefficient of friction is independent of disc speed too. For instance, 
at a disc speed of 330 RPM, and normal force of 351.68 N, the coefficient 

of friction of heat treated LM13 alloy is ■■ 0.025 and at the same normal 
force, the coefficient of friction at 800 RPM is 0.062. On the other hand 
at a disc speed of 640 RPM the coefficient of friction of heat treated LM13 

alloy is 0.072 and at 800 RPM, it is 0.063 both at a normal force of 

6.0 N. 

5. 5-6. 4 LM30 Alloy and LM30-Graphite Particle Composites 

The P-V limits of LM30 alloy and composites are shown in Fig. 5. 55. It shows 
similar trend between pressure and velocity as is observed for LM6 and LM13 

alloys. The bearing pressure of LM30 alloy and composites is decreased with 

increase in sliding speed. However, there is a steep decrease in bearing 

pressure above a sliding speed of 2.68 m/s unlike LM6 and LM13 alloys, where 
a progressive decrease is observed. It can be noted that refinement and 

modification of primary and eutectic silicon respectively of die cast LM30 
alloy did not improve the limiting bearing pressure at any sliding speed used 
in the present studies. However, the modification of eutectic silicon in L.M6 

alloy improved the load bearing pressure. 

Dispersing graphite particles in die cast LM30 and refined and modified LM30 
alloy lead to significant improvements in the bearing performance. For instance, 
at a sliding speed of 1.38 m/s, the bearing pressure of die cast LM30 alloy 
is increased by ^ 6 % due to 3% graphite particle dispersion. The limiting 
bearing pressure of refined and modified composites is increased by 26^^ as 
compared to that of die cast LM30 alloy at a speed of 1.38 m/s. A marKed 
improvement in limiting bearing pressure is found in heat treated composites. 

' For example, at a sliding speed of 4.61 m/s the wear resistance of heat- 
treated LM30-3% graphite composite is increased by 83% as compared to that 
of die east LM30 alloy. At low speeds i.e., 1.38, 2.68 and 3.35 m/s, the 
increase in wear resistance is 26, 22 and 36% respectively. It is also 
interesting to note that percentage increase of limiting bearing pressure is 
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Fig. 5.55 Pressure - Velocity Limits for LM 30 Alloy and 
Composites. 
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more at higher sliding speed compared to that at low speeds. Similar trend 
is observed for LM6 and LM13 alloys also. The maximum sample temperature 
attained during sliding wear test of LM30 alloy and composites is shown in 
Table V.23. The results are similar to those for LM6 and LM13 alloys. The 
frictional force and coefficient of friction of LM30 alloy and composites are 
shown in Table V.24. The results show a similar trend as those for LM6 and 
LM13 alloys and composites. 

It is not appropriate to make a direct comparison of coefficient of friction 
values of Al-Si alloy (LM6,LM13,LM30) in different condition and composites, 
because of the fact that the each value for coefficient of friction corresponding 
to the pressure applied on the sample, which is different in different alloys 
depending upon the load bearing capacity. 

5.5.7 Abrasive Wear of Rapidly Solidified LM13 Alloy 

The thin ribbons of LM13 alloy produced by rapid solidification processing 
are subjected to abrasive wear (against SiC emery papers) using Suga abrasion 
tester. No other type of wear study could be performed on rapidly solidified 

ribbons due to limitations on the sample dimension. It should be noted ihat 
in the present investigation no attempt is made to consolidate the ribbon into 
larger samples. For comparison purposes die cast Al-Si alloy is subjected 

to abrasive wear under identical conditions. Complete description of the exce- 

rimental procedure is given in chapter 4- 

The effect of distance on the wear loss of die cast and rapidly solidified 

LM13 alloy at an applied load of 0.8 N is shown in Fig. 5. 56. It can be seen 
that the wear volume is found to be a linear function of distance for both 
the rapidly solidified and die cast alloy. The effect of load on the wear 

rate is shown in Fig. 5. 57. a. The wear rate-load curve shows a pronounced 
discontinuity at loads exceeding 2.0 N, for the rapidly solidified alloy. 4t 

lower loads the rapidly solidified alloy is found to wear less than the die 

cast alloy, whereas, at loads in excess of 2.0 N, the reverse behaviour is 

observed. In order to get an idea of the abrasive wear rate of rapidly soliai- 
fied alloy relative to that of die cast alloy, a parameter (relative abrasi\e 



Table V.23 ; Maximum Temperature Attained during partially Lubricated Sliding Wear of 
LM30 Alloy and Composites 
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Table V.24 : Coefficient of Friction of LM30 Alloy and Composites 
(during Partially Lubricated Sliding Wear) 
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Disc speed Normal force Friction force Coefficient of Average coefficient 

(RPIVI) (N) (N) friction of friction 
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Number of Cycles 



Fig. 5.56 Effect of Sliding Distance on the 
Abrasive Wear of Die Cast and 
Rapidly Solidified LM13 Alloy (Load: 
0.8N) 


We 



Fig. 5.57 (a) Effect of Applied Load on the Abrasive 
Wear of Die Cast and Rapidly Solidi- 
fied LM13 Alloy. 
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wear rate) defined as the ratio between the wear rate of rapidly solidified 

alloy and the die cast alloy, has been used. Fig. 5. 57. b. shows the value 

of as a function of applied load. At loads below 2.0 N, the value of 

is found to be less than unity, indicating that the abrasion resistance of 
rapidly solidified alloy is superior to that of die cast alloy. The value of 
R^ increases with load upto about 4.0 N and thereafter it is stabilised at 
around 1 .20. This indicates that at higher loads (exceeding 4.0 N) the wear 
rate of the rapidly solidified alloy is 20 % higher than that of the die cast 
alloy - 

In order to understand the mechanism of material removal, abraded surfaces 
are examined in scanning electron microscope. The abraded surfaces of die 
cast and rapidly solidified alloys, abraded at lower loads (1.4 N) are shown 
in Figs. 5. 58. a, b and c,d respectively. In both cases, r.. abraded surfaces 
show long and continuous grooves. Abraded surfaces of die cast alloys showed 
a number of pits. A higher magnification micrograph, Fig. 5. 58. b, clearly 
shows these pits. On the contrary, rapidly solidified alloy did not show 
any significant amount of pitting. Fig. 5. 58. c. There is not much difference 
between the surfaces of die cast alloy abraded at lower load 1.4 N, (Figs. 
5.58.a,b)and higher load, 7.0 N, (Figs. 5. 59. a, b) . Abraded surfaces at higher 
loads are also characterised by long and continuous grooves and some amount 

of pitting. Surfaces of rapidly solidified alloy abraded at higher loads, show 
considerably more number of parallel lips { Figs. 5.59. c,d ) , as compared to 
die cast alloy, Figs.5.59-a,b. These lips appeared on the abraded surfaces 
due to tearing action. At higher load the depth of cracking is comparable 
to the thickness of the sample and caused severe wear. To confirm the above 
proposition, the opposite side of an abraded sample of rapidly solidified 
LM13 alloy (applied load: 7.0 Nl) is examined in scanning electron microscope. 
The microstructural oDservation delineats cracks on the opposite side of the 
abraded surface (Fig. 5. 60). 




Fig. 5.57(b) Effe 
tive 
Rap 
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Fig. 5. 58 Scanning electron micrographs of abraded 
of LM13 alloy: (a) and (b) die cast alloy; 
(d) rapidly solidified alloy (Load 1 .A N) 
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CHAPTER 6" 
GENERAL DISCUSSION 


6.1 


Introduction 


The aim ef this chapter Is to discuss the observation of various mtcro- 
structures In Al-Si alloys with special reference to the morphology of stlicon, 
AS pointed out earlier, silicon Is a faceted phase and grows anlsotropically 
by twin plane reentrant edge mechanism. The growth of such a faceted phase 
is sensitive to solidification conditions and the presence of alloying elements. 
The effect of silicon morphology in Al-Sl alloys on the wear behaviou 
is also discussed. Further, the effect of dispersed graphite particles on 
the microstructure of Al-SI alloys and wear behaviour Is also discusse 
in greater detail. The conditions for graphite film formation on the tribo- 
surfaces during sliding wear are Identified. The Initial part of 
deals with the mlcrostructural aspect of Al-5i alloys and A1 i grap 
composites; this will be followed by wear behaviour and finally an a em 
is made to correlate the microstructure and wear behaviour of Al-Si y 

and composites. 


6-2 Nficrostructure of Al-Si Alloys 

The microstructure of Al-Si alloys depends essentially on the -ncentratlon 
of silicon. AS stated earlier, in hypoeutectlc Al-Si alloys such as LM6 
and LM13 (Sl<12.6 wt.S) the first phase to solidify Is primary alum.ntum 
with dendritic morphology. The local cooling rate can be 
the secondary dendrite arm spacing according to the following equa i 


1 / - - 
log {^,- ) - 


[ 


log (DAS) - 1.66 


0.40 


6.1 


where, ) («C/5ec) Is the local cooling rate and DAS Is the secondary 

■ / ml The* local cooling rate in the present case (i.e. , 

dendrite at^m spacing (urn). The local coon g 

for ' a DAS of 20 pm) works out to be 8°C/Sec. 

. . 

The presence of the hard silicon phase (Hardness; lASC HV.^the aluminium 
metnx enhances the tensile strength as well as hardness of the alloy (Table. 
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V.8). In general, binary Ai-Si alloy is not heat treatable but addition of 
alloying elements such as Mg, Cu, Ni makes the alloy amenable to heat 
treatment and improves elevated temperature properties (195). The improve- 
ment of tensile strength and hardness of LM6, LM13 and LM30 alloys after 
heat treatment is shown in Table V-8. 

In hypereutectic Al-Si alloy, the presence of primary aluminium halos surro- 
unding the primary silicon was observed (Fig. 5. 12. c) . The formation of 
halos in hypereutectic Al-Si {LM30) ailoy and other alloy system such as 
Pb^Bi-Bi, Sn-Bi, Al-CuAl^ has also been reported by many investigators 
(196-199) and mechanisms for halo formation have also been proposed (196, 
199). As stated earlier, the first phase to solidify in hypereutectic Ai-Si 
ailoy, is primary silicon. After the nucleation of primary silicon, the liquid 
composition around the primary phase will be enriched with aluminium follo- 
wing the liquidus line. Since primary silicon is a poor nucleant for ^kl-aiumi- 
nium, the liquid composition follows the metastable extension (Fig. 2. 7) 

till primary aluminium is nucleated due to higher growth rates. After the 

ft® 

nucleation of primary aluminium, the composition of^ailoy melt shifts back 
to eutectic composition and the latent heat released by aluminium raises 
the eutectic temperature and coupled eutectic growth begins at which both 
primary aluminium and primary silicon phases have the same growth rates. 

6.3 Microstructure- of Al-Si alloys in the presence of Dispersed Graphite 
Particles . 

In hypoeutectic Al-Si alloy-graphite particle composites, the suspended 
particles are pushed by the initial crystallising primary aluminium dendrites 
into the last freezing eutectic liquid during solidification (Fig.5.19.a). 
Since the size of major fraction of graphite particles (about 60% of the parti- 
cles are found to lie in the size range of 37.5 to 120 pm. Fig. 5. 2) is more 
than the average secondary dendrite arm spacing (20 pm) of primary alumi- 
nium, the entrapment of graphite particles in the interdendritic region is 
ruled out. Moreover, no such evidence of entrapment of even smaller graphite 
particles of 20 pm or less in size, is found in the interdendritic region 
(Fig. 5. 7). A variety of microstructures is observed around the dispersed 
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graphite particles and the most common one is Al-Si eutectic phase, in 

which plate-shaped eutectic silicon is randomly oriented in aluminium matrix 
(Fig. 5. 19. b) . The microinhomogenity in particle distribution in the cast 

structure is ' disj^-'^hdent’ upon the alloy composition. Large amount 

of eutectic phase (Al-Si) is desirable as the primary phase (aluminium) 

* 

tends to push the dispersed particles into the last freezing eutectic liquid. 
This above fact is very important while selecting the matrix alloy. 

Another important microstructural observation of Al-Si-graphite system is 

the modification of eutectic silicon. The modification of eutectic silicon 
is observed when solidification takes place in the narrow intergraphite 
particle channels, Fig.5.23.b, or in the corridors between graphite particles 
and primary aluminium dendrites. The mechanism of modification appears 
to be due to physical constraints to the anisotropic growth of silicon. The 
dispersed graphite particles serve as physical barriers to the various 
transport processes controlling the evoluation of solidification microstructures. 
Given the obstruction to heat and mass transfer as a result of thermal or 
diffusion field impingement on the physical barrier, inhibition of the aniso- 
tropic growth of silicon crystals would be expected. This will be assisted 
by the progressive decrease in the undercooling at the growth interface 
as the latter advances in the low undercooling regions in the vicinity of 
thermally insulating particles. Krishnan and Rohatgi (41) have also shown 
that in centrifugal castings of Al-Si-graphite particle composites, extensive 
shape modification of silicon was observed in the regions having highest 
graphite concentrations; the degree of modification decreased progressively 
with graphite content across the radial section of the casting. 

In hypereutectic Al-Si-graphite particle composites, the primary silicon 
crystals showed a tendency to preferentially nucleate on the surfaces of 
dispersed particles (Fig.S.IS.b ) . While the exact nucleatlon mechanism 
and crystallographic features for selective affinities between the primary 
silicon and dispersed graphite particles are not clear at present, possible 
occurrence of heterogeneous nucleation events which promote preferential 
nucleatlon of primary silicon on the particle surface can not be ruled out. 
It has been reported that the dispersed particles like alumina , illite clay 
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shell char C 55,145,30) in hypereutectic Al-Si alloys, offer sites for hetero- 
geneous nucleation of primary silicon. Humerlk and Kingery (200) have shown 
that silicon wets partially most of the refractories like AI 2 O 2 , Zr02, MgO, 
BeO etc., however, complete wettability i.e., contact angle (0) =0 occurred 
only on graphite and beryllium carbide at 1450°C in both hydiogen and 
helium atmosphere. Although there is no direct relationship between the 
results of Humerik and Kingery (200) and those of the present investigation 
of primary silicon nucleation on graphite particle, as far as the experi- 
mental conditions are concerned, it, however, provides some evidence of 
heterogeneous nucleation of silicon on graphite surfaces. In the present 
investigation, because of the paucity of quantitative information on the exact 
crystallographic features such as lattice registry and nucleation mechanism, 
the discussion here is confined solely to the microstructural aspects of 
nucleation and growth of phases. 

Another interesting feature which is generally observed around the primary 
silicon phase, is the halo formation. It is observed in the present investi- 
gation that the dispersed graphite particles in LM30 alloy suppressed the 
halo formation around the primary silicon crystals (Fig. 5. 15. a). In the 
presence of graphite, halo formation is suppressed presumably because the 
low undercooling of local liquid in the vicinity of thermally insulating gra- 
phite particle does not depress the melt temperature to a level necessary 
for formation of aluminium. 

6.4 Modification of Eutectic Silicon 

It can be recalled from the previous discussion that the mechanical proper- 
ties of aluminium-silicon alloy castings depend on the morphology of the 
eutectic silicon. The sharp-edged faceted silicon causes premature crack 
initiation and fracture in tension. With a view to restrict the unfavourable 
growth of eutectic silicon, several attempts are made to modify the eutectic 
silicon in Ai-Si alloys. This inturn improves the mechanical properties 
and alters the fracture behaviour of these alloys (15,47). Of the various 
modification techniques proposed (13), the most commercially adopted tech- 
nique involves the addition of minute quantities of alloying elements such 
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as Na or Sr. It is proposed that the modifier atoms get selectively absor- 
bed at the reentrant twin grooves and reduce the rate of atomic attachement 
to the silicon growth tips. Sodium is likely to affect the growth morphology 
of the eutectic silicon thus increasing the twin density (17). There are 
some reports indicating that sodium acts as nucleation site for silicon 
crystals (13). A recent investigation on the sodium modified silicon morpho- 
logy (51) indicates that the silicon is heavily twinned; although the size 
of the eutectic silicon is scaled down considerably, the growth morphology 
is found to be microfaceted . In the present investigation, modified eutectic 
silicon is found to be microfaceted (5.4.d) as discussed above. 

6.5 Refinement of Primary Silicon . 

During solidification of hypereutectic Al-Si alloys, the coarse silicon crystal 
tends to segregate making the alloy brittle and difficult to machine. To 
minimise these problems, it is necessary to refine the primary silicon. 
The refinement of primary silicon is carried out by the addition of phospho- 
rus. Phosphorus reacts with aluminium to form small insoluble particles 
of aluminium phosphide (AlP), which serve as potential sites for heteroge- 
neous nucleation on which primary silicon is formed. The crystal structure 
of AlP is the same as that of silicon i.e., diamond cubic. 

In hypereutectic Al-Si (LM30) alloy, the coarse primary silicon crystallises 
first and then primary aluminium is nucleated around the primary silicon 
and remaining liquid will solidify as Al-Si eutectic. The coarse primary 
silicon and plate-shaped eutectic silicon can be refined and modified by 
adding minute quantities of phosphorus and sodium (Na) respectively in 
LM30 alloy melt. It is also reported { 55 ) that phosphorus is ineffective 
in modifying the eutectic silicon. This suggests need to add both phosphorus 
and sodium in hypereutectic Al-Si alloy to achieve the combined effect 
of refinement of primary silicon as well as modification of eutectic silicon. 

There have been several reports describing the use of phosphorus and sodium 
to refine and modify the primary and eutectic silicon respectively. Mascre 
(57) has reported that sodium tends to drop the effectiveness of phosphorus 
when both were added to the melt at the same time. It is also reported 
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that phosphorus and sodium react together to form which leads to 

a limited refinement and modification of silicon phase. Moreover, since 
sodium is added to the melt above the liquidus temperature, there is a 
tendency for increased sodium losses and thereby reducing the modification 
effect. In contrast, the work of Sugiyama et al- (58) have indicated that 
simultaneous introduction of phosphorus and sodium promotes refinement 
and modification of primary and eutectic silicon respectively. Clegg and 
Das (56) have also assessed the refinement and modification effects in 
hypereutectic Al-Si, LM30, alloy. Their data indicated that sulphur is a 
superior refining agent for the primary silicon rich poiyhedra. Refinement 
and modification of primary and eutectic silicon respectively are achieved 
by sequential addition of sulphur followed by sodium in gravity die cast 
LM30 alloy. 

In the present investigation a series of experiments were conducted to 

achieve optimum effect of refinement and modification of silicon in Al-Si- 

graphite composites. In order to avoid fuming of elemental sodium during 

the preparation of composites due to mechanical stirring of the melt, sodium 

was originally added to the melt after dispersing graphite particles and 

prior to casting the composite melt. But the microstructural investigation 

confirmed that the eutectic silicon remained unmodified (Fig. 5. 14). It 

beey- 

appears from the above fact that sodium might have ^absorbed by the disper- 
sed graphite particles and thereby unable to act effectively. However, 
there was no direct evidence of it and the discussion solely confined on 
the nucleation and growth of the phases. Results of our studies confirmed 
that sodium must be added prior to the dispersion of graphite particles, 
if it has to work effectively to modify the shape of the eutectic silicon. 
In hypereutectic Al-Si LM30 alloy, phosphorus was added first and then 
after 2 minutes sodium was added followed by graphite particle dispersion 
to achieve both refinement and modification reactions effectively. Generally, 
0.01-0.05 wt.% Na is sufficient to provide substantial eutectic modification, 
however, in order to compensate the sodium fuming, the quantity of sodium 
addition was increased to 0.2A8wt.%. 
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i-teat Treatn^rt 


In general, binary Ai-Si alloy is not heat treatable but addition of a 
elements {i.e., Cu, Mg, Ni) makes this alloy heat treatable, 
particular, improves elevated temperature properties by formi 
intermetallic compounds that cause dispersion hardening. Mg. and Cu 
the mechanical strength by improving solid solution strengthening anc 
pitation. Heat treatment (annealing) of Al-Si alloy can also alter the 
and size of eutectic silicon to a large extent. The present 
shows that the plate-shaped eutectic silicon is fragmented into near 
cal (average size: 5 pm) due to heat treatment. A mechanism for sp 
zation of plate -lets and rods during annealing treatment was 
Zhu and Liu (201). During annealing treatment the faceted eutectic 
first fragmented and then spheroidized . 

6.7 ShaF>e and Morphology of Siliccwi in Al-Si Eutectic 

The 1/d ratios (length to width) of eutectic silicon in Al-Si (LM6, LM13), 

alloys and composites were computed using two dimensional metallographjjfi’ 

A minimum of hundred measurements were made on each sample. The l/d 
ratios of eutectic silicon in LM6 alloy in die cast, modified, heat treated?! 
and LM6-graphite in heat treated conditions are shown in Fig. 6. la as fra^ 
quency histograms. The 1/d ratio of faceted eutectic silicon in die cast 
LM6 alloy is found to be in the range from 5 to 13; the maximum % fre- 

quency is found around 33% at a 1/d ratio of 7-9. It is noted that modifi- 
cation of LM6 alloy, reduced considerably the 1/d ratio of eutectic silicon. 

For instance, the 1/d ratio of modified eutectic silicon is found from 1 

to 6 and the maximum % frequency is found around 44% at a 1/d ratio of 
2 to 3. 20% of the eutectic silicon is found to have i/d ratios in the range 
of 1 to 2. Further decrease in 1/d ratio is observed in heat treated LM6 
alloy. For instance 33% of eutectic silicon spheroidized (i.e., 1/d ct 1 ) and 
30% with 1/d ratio less than 1.5. It can also be noted that dispersion of 

graphite particle in LM6 alloy in heat treated condition did not have any 
significant effect on the spheroidization of eutectic silicon. Similar observa- 
tions have been made for LM13 alloy and the histogram are shown in Fig.S.I.b. 






Frequency % Frequency 









218 


So far, the discussion was confined to the microstructures of Al-Si alloys 
with special reference to various silicon morphologies in the presence of 
dispersed graphite particles. The role of matrix microstructure and dis- 
persed graphite particles on the sliding wear behaviour of Al-Si alloys 
will now be established. First, we shall briefly discuss the structure and 
lubricating properties of graphite which was used as a dispersoid in the 
present investigation. 

6.8 Tribology of Graphite 

The lubricity property of graphite arises mainly due to weak interlamellar 
bonding between the basal planes. The presence of water vapour and crystal 
defects such as dislocations are also found to be necessary for interlamellar 
shear (202). The interlamellar shearing of graphite layers also depends 
upon the surrounding atmosphere. It has been reported (202) that graphite 
ceases to be a solid lubricant in vacuum. In the present investigation 
graphite is dispersed in Al-Si alloy matrices in order to reduce the metal 
to metal contact during sliding wear. Results of the present investigation 
have demonstrated that the structure of the Al-Si alloy matrix also plays 
an equally important role in governing the wear of the composites - 

6.9 Role of Interfaces 

Additionally, particle-matrix interface plays a critical role in governing 
not only the mechanical properties but also tribological properties of compo- 
sites, With the help of schematic illustrations, Prasad and Rohatgi (190) 
have demonstrated the role of particle-matrix interface on the dry sliding 
wear behaviour of metal-graphite particle composites- The two cases shown 
in Fig. 6. 2 are extreme examples of the variations in particle-matrix inter- 
faces. In case A (Fig. 6. 2) the graphite particle and the matrix are sepa- 
rated by interfacial porosity whereas in case B graphite particle is tightly 
held by the matrix. In case A there is every possibility that the graphite 
particle will be pulled out during sliding wear, leaving behind a void. 
On the other hand, if the interfacial bonding is greater than the lateral 
force, graphite will not be pulled out from the matrix and the possibility 
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lateral face 




INTERFACfAL POROSITY 
CASE-A 

6: GRAPHITE 
M: MATRIX 




GOOD NTERFACE 
CASe-B 


Fig&2 Schematic Drawing Illustrating the Importance 

of Particle- Matrix Interfacial Bond During Sliding 
Wear. G = Graphite, Mi Matrix. (80) 
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of shearing of graphite particle along the basal plane will be enhanced 
(case B). In the present investigation metailographic examination of compo- 
sites (See Fig. 5-19. b) revealed the absence of interfacial porosity. Therefore, 
the probability of the dispersed graphite particle to be pulled out from 
the matrix during the coarse of sliding wear (as described in case A, Fig. 
6.2) is extremely remote in the present case. 

6.10 Role of the matrix 

In addition to the above two factors (namely presence of dispersed graphite 
and its interface with the matrix) the present study has revealed that 
the microstructure of the matrix also plays a significant role in governing 
the wear of Al-Si alloys and composites. Before we analyse the role of 
matrix microstructure on the wear of composites, we shall examine first 
the possible wear mechanisms in Al-Si alloys and composites. 

As mentioned in the earlier chapter, Al-Si alloys exhibit two distinct wear 
regimes: one is the mild wear regime, generally, encountered in the low 
applied pressure regime and the second is the severe wear regime associated 
at higher applied pressures (Fig. 5. 25). The transition from mild to severe 
wear will depend on : (i) type of the matrix alloy (ii) its microstructure 

and (iii) graphite particle dispersion. It may be recalled that the morpho- 
logy of wear debris in these two regimes also differs significantly from 
each other. For instance, in the mild wear regime wear debris is in the 

form of fine equiaxed particles (average size: 3.0 ± 1.7 pm) whereas, in 

severe wear regime flake-shaped debris particles are observed. The average 
size of the flakes (measured in two dimensional metallography) for die 
cast LM13 alloy is around 290 pm (see Table V.11). The fine equiaxed wear 

debris is likely to be the result of the removal of the oxide layer on 

the aluminium alloy surface during the early stages of wear. Because of 
the small quantities of equiaxed wear debris, their identification by X-ray 
diffraction could not be carried out. However, wave-length dispersive X-ray 
spectroscopy analysis confirmed that these fine debris contain aluminium . 
This wear regime is some times referred to as oxidative wear (174). 
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After the removal of oxide layer and at higher applied pressores there 
will be severe rrietai to metal contact and the operating mechanism could 
be adhesion and/or delamination. The mechanism of adhesive wear is already 
described in Chapter 2. The softer metal Caiuminium alloy pin) has a ten- 
dency to adhere to the hard counterface (steel disc) during sliding action* 
This leads to the formation of junctions which are later ruptured due to 
external forces (tangential force). This process of adherence and successive 
rupture is termed as stick-slip mechanism of wear (203). The appearance 
of parallel lips on the worn surface (Fig. 5*36. d) is an indication, of the 
occurrence of stick-slip process. At higher applied pressures the smaller 
asperities can grow in size by plastic deformation. The formation of wear 
debris is favoured when the deformed asperities exceeds a critical size 
(204). Adhesive wear can produce both fine as well as big wear debris 
depending upon the magnitude of load. 

6.11 Deiamirat ion 

Delamination is another wear mechanism proposed by Suh and coworkers 
(169) to explain the flake-shaped wear debris commonly found in wear 
studies. This model is based on the concept that the accumulation of plastic 
deformation causes crack nucleation in the subsurface region of the wear 
surface. Schematic representation of the various stages involved in the 
formation of wear sheet is shown in Fig. 6.3. Scanning electron microscopic 
studies of wear surfaces indicated evidence of stick-slip movement (Fig. 
5.35. d) and cracked portion suggesting that both adhesion and deiamina- 
tion are the operating mechanisms. However, the evidence of large number 
of flake-shaped debris suggest that delamination may be the rate controlling 
mechanism;. If this is so then crack nucleation (if there are, no preexisting 
crack^ and crack propogation determine the wear behaviour of Al-Si alloys. 

6.12 Sources of crack NiK:leatioii and Effect of Silica f^rphology 

Aluminium— silicon— graphite is a three component system and the interfaces 
between aluminium and silicon phases and between them and, .graphite can 
act as preferential sites for crack nucleation during sliding , wear. As 






Fiq.6-3 Schematic Representatbn of the Various Stages 
Involved in the Formation of Delamination Wear 

Sheets.(200) 
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mentioned in the earlier section, Al-Si alloy system is an abnormal eutectic, 
in which one phase (Al) is nonfaceted and other one (Si) is faceted with 
sharp edges. These sharp edges of silicon can act stress riser in aluminium 
matrix and offer preferential sites for easy crack nucleation. 

The effect of silicon morphology on the fracture behaviour of Ai-Si alloy 
is shown with the help of schematic illustration in Fig-6.4. Case I in Fig. 
6.4 shows plate-shaped eutectic silicon in aluminium matrix usually discer- 
nible in conventional die cast alloy (Figs. 5. 4 a & b). Fracture of such 
coarse plate-shaped silicon can result in big cracks of length (1) in the 
matrix (Fig. 6. 4, case I). Case II, (Fig. 6. 4) represents schematically the 
microstructure of sodium modified Al-Si alloy. Although the anisotropic 
growth of silicon is restricted in this case, its faceted nature still remains- 
In this situation the crack length (1) is smaller than that in the die cast 
condition but the propensity for crack nucleation due to sharp edges is 
almost retained. Case III shows a schematic illustration of heat treated 
Al-Si alloy microstructure. It depicts fine near spherical eutectic silicon 
distributed in aluminium matrix (Fig.S.S.d). The near spherical shape of 
silicon particles considerably reduces the stress concentration effect. In 
the present investigation, 1/d ratio measurements as shown in Fig. 6.1, indi- 
cate that the average value varied from 9.0 in die cast alloy to 2.0 in 
sodium modified alloy and further reduced to 1.6 in the case of heat treated 
alloy. 

The above reasoning implies that the propensity of crack nucleation will 
be minimized in the case of heat treated Al-Si alloys, where the morphology 
of eutectic silicon is near spherical and the size of the silicon is the 
smallest. This suggests that the size of the flake type debris in the case 
of heat treated alloy and composites should be considerably less than those 
of die cast alloy and composites. If the size of the flaky debris is large 
(as in the case of die cast composites; Table V.11) there is every likelihood 
that dispersed graphite particles arre engulfed in the debris without actually 
participating in the wear process as shown schematically in Fig.6.5. On 
the other hand if the size of the debris is finer (as in the case of heat 
treated composites; Table V.12) graphite can stand exposed at the mating 
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Fig. 6.5 Schematic Illustration of the Conditions : 

(i) Graphite not Offering Lubrication and 

(ii) Graphite Offering Lubrication 
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A- Graphite, B - Silicon 



surfaces and form a triboinduced film resulting in lesser metal to metal 
contact and coefficient of friction. 
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6.13 Graphite Film Formaticxr and Wear of Composites 

The lubricating properties of aluminium alloy-graphite composites during 
dry sliding wear would depend on the efficiency of graphite film formation 
on wear surfaces. 

According to the analysis described above, it is unlikely for the formation 
of such graphite film on die cast composite surfaces since the probability 

of graphite particle engulfing in debris is high. The absence of graphite 
films on the worn surfaces of all die cast composites as evidenced by sca- 
nning electron microscopic examination (Fig. 5. 36) confirms this point. Secondly 
there is no significant decrease in coefficient of friction in LM6, LM13 
and LM30 alloys in the die cast condition due to graphite particle dispersion 
(Fig. 6. 6). On the contrary, worn surfaces of composites clearly showed 
the presence of graphite films on them (Fig. 5. 42). This could be due to 

following two reasons: (i) increase in toughness of the matrix alloy due 
to the change in silicon morphology resulting in finer wear debris (Fig. 
5. 46. a) and exposing graphite particles to the steel surface. It is also 

interesting to note that an occasional machining chip type debris observed 
in heat treated composites (Fig. 5. 49) confirming the increase in ductility 
due to heat treatment, (ii) secondly, the efficiency of graphite film forma- 
tion may be dependent on type of adhesion between matrix alloy and sheared 
graphite layers. In the case of heat treated composites the area fraction 
of silicon in wear surfaces is significantly higher in view of the finer 
size of the silicon; this may be responsible for better adhesion. 

It is interesting to note that the graphite film formation on wear surfaces 
of heat treated composites resulted in significant improvement of friction 

and wear behaviour of composite materials. 

The situation in partially lubricated case, may be less stringent than the 

In this case, lubricating oil is present in the beginning 


dry sliding wear. 
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* t r^r^vAnt the metal to metal contact and coefficient 

of the experiment to prevent the met 

of friction values are found to be more or less the same in a 

However, in tnis case also, .He pen, chance of Heat treated co.posttes 

was superior to those o, the rest as their P-V limits are highest. 

It can he concluded from the present investigation that the effici^cy 

solid lubrication hv oraphite in alu m ini um alioy-graphite composites depen ^ 

oo mlcrnstructure of the matrix With rapid solidification 

the Size of the eutectic silicon could be further reduced to less t 

1.0 urn with near spherical morphology. Rapidly solidified alloys also offer 

ezceUent strength as well as ductility. However, their shapes at presen . 

are restricted to thin ribbons, powders and platelets but the 

cements in processing technologies have enabled the consolidation of the 

powders into useful shapes. Using rapid solidification technioues. it may 

even be possible to fabricate potentially Important tribo-components. 
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CHAPTER 7 

CONCLUSIOHS 

1 . Graphite particle dispersed Al-Si alloys have been produced by cast- 

ing route. Both hypoeutectic alloys (B.S.:LM6 and LM13) and hypereutectic 
(B.S.:LM30') alloy are used as matrix materials. The alloys and corriposites 
containing 3 wt,% graphite particles were subjected to heat treatment. In the 
case of hypereutectic alloy and its based composites, minute quantities of 
phosphorus and sodium were added in a variety of sequences to achieve modi- 
fication of eutectic silicon and refinement of primary silicon. Microstructural 
analysis was carried out on samples cast in 18 mm diameter cast iron moulds. 

2. Distribution of graphite particle size and interparticle spacing across 

three different sections along the ingot height-top, middle and bottom has 
been evaluated using optical microscopy. Results indicated the absence of 
particle clustering. 

3. Microstructure of hypoeutectic alloy consisted of primary aluminium 

and eutectic phases; while those of hypereutectic alloy contained primary sili- 
con in addition to Al-Si eutectic. Additionally, halo of primary aluminium 

was observed around the primary silicon. 

4. The microstructures of hypoeutectic Al-Si alloy solidified in the pre- 

sence of graphite particles showed that primary aluminium did not nucleate 
on the surface of graphite particle. Instead ^C-aluminium was found to nucleate 
in the centre of intergraphite channels avoiding the graphite particles. 

5 . In ■ the case of hypereutectic alloy composites, primary silicon , was 
found to nucleate preferentially on graphite particle. Halo formation .was found 

to suppressed when solidification took place in presence of dispersed graphite 

A 

particles. 
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6- In hypoeutectic Al-Si {LM6) alloy composites, the anisotropic growth 

of eutectic silicon was suppressed by the addition of modifiers {e.g. , sodium 
in elemental form) before dispersion of graphite particles. Modification of 
eutectic silicon resulted in scaled down the size of eutectic silicon but its 
morphology remained microfaceted . 

Sequential addition of phosphorus and sodium to the hypereutectic 
Al-Si (LM30) alloy melt was found to refine and modify the primary and 
eutectic silicon respectively. In LM30-graphite particle composites, sodium 
must be added prior to dispersing graphite particles to achieve effective 
modification. 

7. Heat treatment of Al-Si alloys, altered the silicon morphology from 
faceted to nearly spherical. 

8. The 1/d ratios of silicon in Al-Si eutectic alloy were measured using 
two dimensional metallography. The average 1/d ratio varied from 9.0 in die 
cast alloy to 2.0 in sodium modified alloy. It was further reduced to 1.6 
in the case of heat treated alloy. 

9. Single roll melt spinning technique was employed to produce rapidly 
solidified LM6 alloy and LM6-10 wt.% graphite particle composites. Micro- 
structural observation revealed that the plate-shaped silicon in conventional 
die cast alloy could be altered to nearly spherical in rapidly quenched alloys. 
For instance, the plate-shaped eutectic silicon in die cast alloy was in the 
size range of 5-12 |jm long and 1-2 pm wide whereas, the average size of 
near spherical silicon in the case of rapidly solidified alloy was around 
1 pm. A marked difference in the growth morphology of eutectic silicon near 
and away from the dispersed graphite particles was observed. Near the gra- 
phite particles eutectic silicon was plate-shaped whereas away from the gra- 
phite particles it was found to grow as near-spherical. This alteration of 
growth morphology of eutectic silicon (which could be a major limitation of 
producing rapidly solidified composites) was attributed to the thermal barrier 
offered by the suspended graphite particles during solidification. 



231 


10. Tensile strength of Ai-Si (LM6,LM13,LM30) alloys was decreased by 

approximately 30« due to the dispersion of 3 wt.S graphite particles. Consi- 
derable increase in tensile strength was achieved due to heat treatment. Per- 

centage elongation is restricted to 1.0% in all the samples except in the case 
of heat treated .LM6 alloy, where the % elongation was around 4.0%. 

11. The sliding wear rates (against rotating EN25 steel disc) of all the 

three Al-Si alloys were found to increase with applied pressure. In die cast 
condition, LM30 alloy was found to be superior to - ■ LM6 and LM13 

alloys as far as the wear and seizure resistances were concerned. Depending 
upon the magnitude of applied pressure two distinct wear regimes were 
observed; one is mild wear and the other one is severe wear. In mild wear 
regime, fine equiaxed debris particles were generated whereas in severe wear 
coarse flaky-debris were observed. 

12. The worn surfaces of die cast Al-Si alloys showed continuous grooves, 
damaged regions and the presence of surface cracks. Worn surfaces of die 
cast composites showed identical features. The tendency to fracture was reduced 
in the case of heat treated alloys. 

13. Heat treated composites (LM6,LM13 and LM30 based) showed least 

wear and maximum resistance to seizure. Tn, contrast, worn surfaces of heat 

treated composites showed the presence of graphite film on them. 

14. The coefficient of friction for hypereutectic (LM30) alloy (0.172) 

was found to be higher than LM13 alloy (0.125). There was slight reduction 

in the coefficient of friction due to graphite particle dispersion. For example, 
the coefficient of friction of LM13 alloy was reduced to 0.103 while that of 

LM30 alloy to 0,140 due to graphite particle dispersion. contrast, the 

coefficients of friction of heat treated composites in both cases were reduced 
by more than 50%. The temperature rises in the case of heat treated composites 
were also found to be minimum. 

15. The debris at higher applied pressures was found to be large and 

flake-shaped. In the case of die cast LM13 alloy mean debris size was found 
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to be 289 pm. The size of the debris is significantly reduced to 76 pm in 
the case of heat treated LM13 alloy composites. Wear debris in the case of ■ 
LM30 alloy consisted of flakes {Mean particle size: 97 pm) and sharp edged 
fragmented silicon particles (mean particle size:66 pm). 

16. The P-V limits i.e., the maximum allowable bearing pressure (P) 
at a particular speed (V) of Al-Si (LM6,LM13 and LM30) alloys and composites 
were evaluated in partially lubricated condition. P-V limits of the heat treated 
composites under partially lubricated conditions were found to be higher than 
those of the other materials. 

17. The essence of this thesis is that the solid lubricating property 
of graphite in aluminium-graphite composites could be exploited if the micro- 
structure of the matrix alloy is optimized. 
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Wfear 


Wear is defined as the (image to a solid surface, gaieially ixivolvii^ p 
l^rogressive loss of material, due to relative motion between that surface aaad a « 
Cowtacrting substance cr substances (166a), 

Wear of a material is controlled by the material diaracteristics as m 
Vleit as test parameters such as applied pressure, sliding ^eed, envircaineiit and • 
tIS© type of sliding interaction, Birwell (167) classified wear into the follow 
-mg major grcxj.p)s: adhesive, abrasive, corrosive, surface fetigue and erosive. 

(i) adhesive ont sliding vear: Adhesive or slidii^ wear ocxurs as a result 
of- relative sliding between two axrfaces under the influence of an applied load (1 & 

In <^neral, (n a micros(Ocpic level, the nachined surface of a nateAal is not esca* 

flat but consists of diarp asperities. Vhen two solid surfaces are fcrou^t 
ivi close proKmity, the airface would be touching only at a few points, and th^ adh 
-eve str(3igly to ea<±i other and form asperity juncticxis. As the contact area is v 
small, the pressure exerted on ea(A asperity is extremely hi^. This results 
in elastic and plastic deformaticai c£ ihe softer of the two mterials in conta* 
-ch until the areas of the (xntact juncticxis are large aiou^ to support the la 

\oaJ . If the strength of the juncticxi is more than the shear streigth of the asA 

SoHe-y material then during sliding ac±ian the tangoitial force will diear the 
So^tcv juncticxis and leave clean surface at the softer asperity (168a, 16S3). The c 
/^^ovusequenioes of the above process result in tte transfer of softer material to 
the harder counterface {I68c, 168d), There is every possibility that tte transfer 
material may remain adhered to the harder surfaioe or in subsecjuent sliciir^ 
Tncig) gst knocked down resulting in loose wear debris. The possibility ctf tte 
Softer material either adhering or getting kncxited off frcxn the harder surface has fe 
beev, explained with the telp of an energy model as ^cwn fcy levies (168e). The «ee 
model states that the adhered material will get detached from tte harder airf 
-ace only wiioi the residual energy of the transferred material is more than tte ai 
adKssicxial energy. The residual aiergy is acoxrailated ty tte r^titive (ad 

collisions. The morphology of these transferred materials has been studied by C 
Chen and Rlgney (168f). Their results indicate that initial transfer events form i 
discrete fragments and cn prolonged sliding giv4 rise to layer or patches, »i 
TncLinly consisting of finely nixed material on the airface. 

Formation of oxide films cn the tribc^surfaces during sliding war has b 
t®. the subject of mny investigators (168, 168g, 16ah). 9ach c«lde ains ret 
further material loss and alter the frlcticn «ar behavlcur « hiding, nat^ 



filau (168i) has discussed varicus processes that nay cause trcmsition in the 
friction and wear behaviour. Som of these processes are: (i) netal transfer, 
(ii) film formation, (iii) (febris ^Deration and (iv) cyclic surface detericraticn- 

In addition to the above, the tanperature and the nature of the sliding 
surfaces profoundly affect the cjjantity c£ transferred natericil. It tes bean 
pointed cut that the hi^ tertperature of the d.iding assenbly increases end eicoele- 
rates adhesive year (168). The tanperature cf the sliding assenfcly may also be 
enhanced by vny of fricticnal heating, it has been reported (168) that during 
adhesive transfer, a material produces a spot cn the surfaces, vhich effectively 
Increases the friction and then rate of heating. This oonsequaitly raises the 
tanperature and leads to heavy damage to the sliding iraterials. Sata (168j) has 
made attempts to study the dependence of wear rate on tenperature d. the sliding 
surfaces. Ihe ndcrostructure <£ the material at or below the wear surface (i.e. 
in the subsurface regions) is reported to change due to sliding wear (168k) end 
the extent cf this change in ndcrostructure depends upon the sliding conditions 
and properties cf the hiding materials. 

A critical evaluation of the assumptions of the adhesion theory ctf vear 
leads to the following points (169): 

a) The adhesion theory cf wear assumes that the naterial removal die to diearing 
of junctions is only possible vhai the strength of the junction is more 
than the ^ear strength of the softer material. Ihis proposition is gjes- 
tionable because the interface cannot be strcxiger than the contacting 
materials as it is likely to contain vacancies , impurities or oxides . 
Iberefore, ocnplete adhesion and material removal may not be pxsssible. 

b) Adhesion theory dees not nake any ocncrete pr edict iens oi how the fracture 
occurs in one of the airfaces. 

c) The theory also ignores the controlling effect of friction force cn tte 
wear rate. 

d) Adhesicn theory does not oensider tte structure and the mechanical proper- 
ties of the materials. 

Suh et.al. (169) teve proposed (*e delainUiaticii ttooty ta ctder to explain 
the sliding «ear of mterial and the geseraticn of flake-type >«ar ddxls. IMs 
theoty Ascribes the following sequential e«nts iWA lead to loose «ar particles: 
dating sliding wear, the norml and tangential loads are transmitted thro^ tte 
ccntact polni ^sive pOowing aotich. ^ asperities the soft^ 

material my either le .fefotmd or fractured, ihis takes ihe surface of the soft 



natenal smooth and the contact is not just an asperity to asperity, but rather 
asperity to plane- The surface firacticai exerted by the hard asperities on tte 
softer surface induces plastic defornaticn. The ccntinucxis defoimation results 
in void formation below the sliding surfaces. Vbid nucleaticn cn the surface is 
ruled out as the ccrtipressive state of stress is maxiirun at surface. Choe, 
the cracks are njcleated further loading aad deformation cause cracdcs to propagate. 
When these aibsurfaoe cracks reach a critical length they beccme instable ao3 dhear 
to tte surface at some weak positicns. This mechanism of wear has becoRe the sub- 
ject c£ nuch discussion and certain aspects cf the crack nucleaticn and prcpagaticn 
remain unclear. 

ii) abrasive wear: Abrasive wear is accottplished hy plowing or cutting action 
of hard particles cn a relatively softer surface cf the naterial. The hard 
particles may be either loosely held between two sliding surfaces as in three body 
abrasive wear cr part cf the secord surface as in two body abrasive wear using 
abrasive papers. A sraii -quantitative expressicn to predict abrasive vear was 
derived by r&binowicz and ocworkers (170,171) assuming that the asperities cn the 
hard surfacce are conical in nature. Misra and Finnie (171a, 171b) have recently 
reviewed the abrasive wear of itetals. Kbsel and Fiore (171c) have also reviewed 
the abrasive wear rrechanism in dual phase alloys. 


iii) Corrosive wear: Corrosive vrear occurs whenever sliding takes place in 
corrosive environments. Corrosion products are formed and their removal from the 
surface is accomplished by sliding action thereby allowing corrosive attack to 
continue (171d, 171e). Air, at room tenperature, containing tomidity is the most 
ccmrronly occur ing corrosive medium. It reacts with sliding surfaces and forms 
cscides and lydroxides. These oompourds are loosely adherent to the metal surface 
and get peeled cff during sliding action. In addition, chlorides and oxychlorides 
are coimonly formed in industrial environments near the coastal regions. It has 
been reported (167) that most of the passenger car engine's piston rings ard cylin- 
ders can be deteriorated by corrosive wear. 


iv) Surface Fhtigue Wfear: Surface fatigue vear is caused by the removal cf 
particles fron the surface due bo cyclic loading. This is .^nerally associated 
with the surfaces in rolling contact, where the friction coefficient is negligible 
(171f). Vfear due to fetigue can also occur during sliding cperation ly vey of 
cyclic crack growth (171f,171g). The vear mechanism is mainly governed ly the 
formtion of surface or subsurface cracks and fetigue cradc prcpagaticn. The crack 
nucleaticn process in rolling ccntact fetigue is similar to the fetigue wear due 
to sliding action. The irain difference is that in sliding ^ the p^stic ^ 


166a. ASTM standard G-40 

168a. J.F. ftrdiard, j, ^ppl. Siys., 24 (1953) 961. 

168b. F.P. Bowden and D.iaxar. 'tItp Pr-ir+w t i_- x.. ^ t ^ 

f iTie. Ericticn and Lub rication of Sclids * , CLeirendon 

Press, Ckford (1954). 

168c. I.M. Ifeng. J. ^ppl. fliys. 23 (9) (1952) 1011. 

168d. J.T. Hirwell and C.D. g:any, J. Appl. Ihys. 23(1) (1952) 18. 

168e. R. Ibvies, 'Friction and Vfear,' Elsevier, Amsterdam (1953). 

168f. L.H. Chen and D.A. Rlgney, Wfear, 105 (1985) 47. 

168g. I.V.Kragelskii, 'Friction and Vfear', Buttervrorth, Ion3on, 1965. 

168h. T.F. Chinn, J.L. Sullivan and D.M. Rowsoti, Proc. 3ht. omf. on Vfear of 
Materials, Eearbom, MT, 1979, ASME, New York, (1979) pp.1-11. 

168i. Peter J. BLau, Vfear, 72 (1981) 55, 

168j. T. Sata, Proc. 3rd Cfepan Ifetl. Cbng. Appl. Mechanics, (1953) 153. 

168k. Efeter J. felu. Solid contact and lubrication, JM)-vd1.39 H.S. Cheng arad 
Ifeer, Bis., published hy ASME, pp 185-191. 

171a. A. Misra and I. Finnie, J. Ehg. Jfeter. Otechnol, (Trans ASffi) 104 (1982) 94. 

171b. A. Misra and I. Finnie, Vfear 65 (1981) 359. 

171c. T.H. Kbsel and N.F. Eiore J. l^ter. Ehergy system, 3 (1981)7. 

171d. T.J.F. Chinn, ASLE Trans, 10 (1967)158. 

171e. R.M. Bentley and D.J. Duguette, ASM ^fet€rials Science Seminar, lennsylvania, 
1980. 

171f. S. Jahanmir, 'Fundamentals of Tribology,' N.P. Suh and N. Saka, B3s., Proc. 

Int. cxjnf. cn the Fundamentals of Tribology, held at MIT, Jbssachnsetts 
(June 1978) 461. 

171g. Y. Kimura, 'Fundamentals of Fricticn and Vfear of Materials, AS4 ^feterials 
Science Seminar, Pennsylvania, D.A. Rigney, Bd., A91, Chio (1981) p.187. 

171h. C.S. Yiast, Lit. Mtet. Itevs., 30 (3) (1985) 141. 

>171i. Horst Chichos, 'Tribology,' Elsevier Scientific publishing oonpany (1986) 

p.105. 

171j. D.A. Rigney and W.A. daeser, Vfear, 46, (1978) 241. 

171k. Ref. No. 1711, p. 459. 

193a. Ftef. No. 171g, pp. 235-289. 


